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ABSTRACT
Waterborne diseases account for millions of deaths each year. Developing countries
struggle with infectious outbreaks occurring due to the presence of microbial agents in the
water supply, and the morbidity rate remains high due to lack of detection. Even in the
United States with modern water treatment facilities, lost productivity due to waterborne
pathogens costs an estimated $20 million per year. There are many contaminants that are
difficult and costly to detect even in developed countries, such as cyanobacteria.
Cyanobacteria has particularly been a problem in upstate South Carolina, and the presence
of this contaminant affects the quality of water and can make people ill at high levels. Thus,
there is a need for simple and affordable tests to detect a wide variety of microorganisms.
Our novel biosensor utilizes plant-based, sugar-binding lectin arrays to bind
microorganisms on electrode surfaces. Our group has found during testing that pathogens
bind strongly and selectively to certain lectin-coated electrodes, which impedes the flow
of electricity between two electrodes, increasing resistance. Quantification of this change
in resistance can be used to determine the presence of different types of bacteria. Several
different design iterations of this lectin-based biosensor were evaluated with three different
types of bacteria: Escherichia coli, Staphylococcus aureus, and Anabaena flos-aquae, a
type of filamentous cyanobacteria. Different lectins, including concanavalin A, peanut
agglutinin, and wheat germ agglutinin, were evaluated for cyanobacteria binding. It was
found that resistance-based measurements were not adequately stable for field testing; thus,
a sensor based on refractive index with lectin coated optical fibers was tested with more
promising results for the detection cyanobacteria.
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CHAPTER ONE
BIOSENSORS FOR WATERBORNE PATHOGENS IN DEVELOPING COUNTRIES
AND DEVELOPED COUNTRIES
This chapter serves to discuss the need for accurate, rapid, and low-cost detection
methods for waterborne pathogens in both developing and developed countries. This
chapter discusses the underlying principle behind the lectin-based biosensor for waterborne
pathogen detection proposed in this thesis. Additionally, this chapter outlines later chapters
in this thesis.
1.1 Need in Developing Countries and Developed Countries
The technology discussed in this thesis is a biosensor for the detection of microbial
contaminants. According to the World Health Organization (WHO), waterborne diseases
account for 2 million deaths per year1. More than 1 billion people worldwide do not have
access to improved drinking water supplies, and over 2 billion individuals lack improved
sanitation services2. Outdated detection methods do not effectively recognize and prevent
the outbreak of waterborne disease3. For both individual patient care and prevention of
community-level outbreaks, rapid and accurate identification of the underlying microbial
contaminant is essential. While there have been many improvements in sensors for the
identification of microbial contaminants, there is still a need for more affordable tests for
use in developing countries.
Even in the United States with modern water treatment facilities, lost productivity
due to waterborne pathogens costs an estimated $20 million per year4. The detection of
cyanobacteria has particularly presented a challenge for local water treatment facilities in

1

the United States. For the detection of cyanobacteria, the Environmental Protection Agency
(EPA) recommends using a liquid chromatography/tandem mass spectrometry (LC/MS)
method5. However, this method of testing is costly and is not portable for field testing.
Locally, the Anderson Regional Joint Water System (ARJWS) is a large facility that treats
up to 48 million gallons of water from Lake Hartwell per day. The ARJWS has identified
the detection of cyanobacteria as a key water testing need. A limited number of labs in the
US are capable of testing for cyanobacteria, and facilities like ARJWS must send samples
to these facilities to confirm the presence of cyanobacteria. It can take 1-2 weeks to get the
results of this testing. Thus, there is a need for a fast and accurate method for the detection
of cyanobacteria that can be used at local water treatment facilities. Additionally, there is
a need for a low-cost method that can quickly and accurately identify microbial
contaminants in drinking water for use in developing countries.

1.2 Detection of Microbial Contaminants with Lectin Binding
To address this need for a low-cost, rapid biosensor that can be used for the
detection of cyanobacteria, we have designed a biosensor system that utilizes lectinbinding to identify and differentiate between a wide variety of microorganisms. Biosensors
utilizing various biorecognition molecules have the potential to detect microbial
contaminants with high sensitivity and specificity6. Lectins are carbohydrate-binding
proteins that bind to specific sugar moieties with high-specificity7. Many lectins are known
to bind with high-specificity to various microorganisms8. Commercially, lectins have been
commonly used for histochemical staining, glycoprotein fractionation, and cell typing9.
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Thus, building on the ability of lectins to bind to microbes, lectins have been investigated
for use in diagnostics10. However, many of the techniques that utilize lectins for microbial
detection require laboratory conditions and trained technicians, which is not practical for
use in a local water treatment facility.
The goal of this study is to utilize the various lectins found in nature to develop
rapid, easy to use, and low-cost biosensors for the detection of a wide variety of microbial
contaminants. The basis of our biosensors is sets of metal electrode surfaces that are
conjugated with lectins. The resistance between the pairs of electrodes placed in test
solution containing microorganisms is measured. When the lectin-coated electrodes are in
contact with the microorganisms with the matching sugar group, the resistance measured
increases and reaches a plateau within minutes, as shown in Figure 1.1. This occurs
because the microorganisms bind to the lectin coated surfaces, causing an insulating
surface to form on the electrode surface that increases the resistance between the two
electrodes. In order to control for any non-specific binding, a control set of electrodes
coated with a non-lectin protein (bovine serum albumin, BSA) is included (Figure 1.1). In
Figure 1.1, Escherichia coli (E. coli) demonstrates increased binding to the concanavalin
A (ConA) coated electrodes, while equilibrium resistance is maintained for the BSA coated
electrodes. This change in resistance between the lectin-coated electrodes can be quantified
compared to the change in resistance between the control electrodes in order to determine
the type and amount of bacteria present in the sample. Different microorganisms bind to
different lectins with varying specificity. For example, both E. coli and Staphylococcus
aureus (S. aureus) bind to ConA and Triticum vulgaris (wheat germ agglutinin, WGA),
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but S. aureus strongly binds to Arachis hypogaea (peanut agglutinin, PNA), while E.coli
does not10,11. Thus, an array of lectin electrode pairs can be used to differentiate between
different microorganisms.

Figure 1.1: Schematic showing the principle behind the lectin-based sensor, consisting of
two sets of electrodes. As shown here, the E. coli binds to the ConA coated electrodes
(outlined in dark green), but minimally bind to the control BSA electrodes (outlined in
light green). Example data that was previously collected with lectin-coated, copper
electrodes is also shown. The orange arrows show the time points at which the E.coli was
added; it is evident that the resistance between the ConA coated electrodes increased
within a few minutes of adding the E. coli. The E. coli concentrations used in the
experiment were: 0, 600, 900, and 1200 cells/mL.

1.3 Overview of Study and Chapters
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The major aims of this study are as follows:
1. Validate the viability of the sensor including metal probes conjugated with
lectins for the detection of E. coli
2. Design a robust, low-cost sensor that can be used in a water treatment facility
3. Identify a lectin array that can be used to identify cyanobacteria
Chapter 2 provides an overview of the challenges with the detection of waterborne
pathogens and includes a discussion of different waterborne pathogens as well as current
and proposed methods for pathogen detection. Chapter 3 discusses lectin binding, the use
of lectins in biosensors, and conjugation of lectins to metal surfaces. Chapter 4 details the
design evolution of our group’s lectin-based biosensor. Chapter 5 describes the basis of our
biosensor and relevant experimental findings. Chapter 6 summarizes the overall
conclusions of the study and future work that will need to be done to further develop the
biosensor for use in water treatment facilities and clinical settings.
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CHAPTER TWO
CHALLENGES WITH DETECTION OF WATERBORNE PATHOGENS
This chapter serves to discuss the current challenges with the detection of various
waterborne pathogens. This chapter provides an overview of waterborne pathogens that
affect both developing and developed countries, current techniques to detect these
pathogens, and proposed detection methods in literature.
2.1 Overview of Waterborne Pathogens
Waterborne pathogens and the diseases that they cause are a major health concern
all over the world due to increase in morbidity and mortality that they cause and the high
cost associated with treatment and prevention1. Various factors lead to outbreaks of
waterborne pathogens. Waterborne pathogens are often found in water supplies due to
contamination with fecal matter2. Figure 2.1 shows the path of transmission of waterborne
pathogens that occurs through the contamination of food and drinking water with human
and animal waste. The target areas for current pathogen detection techniques are drinking
water and clinical diagnostics in humans. Contamination of drinking water with fecal
matter can occur due to lack of plumbing and proper sewage treatment. Even in developed
countries, contamination can occur due to poor architecture of sewage systems, breaks or
leaks, and chemical coating of pipes that could enhance the growth of microorganisms1.
The major classes of waterborne pathogens include viruses, protozoa, and bacteria. Each
of these classes will be discussed further in order to understand the need for microbial
detection systems.
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Figure 2.1: Pathway of transmission for waterborne pathogens. Adapted from Prüss et al.
(2002)3.
Viruses
The first category of waterborne pathogens that will be discussed is viruses. Viruses
are the smallest of the three categories of waterborne pathogens, ranging in size from 20200 nm in diameter4. A virus contains a small amount of either DNA or RNA and is coated
with a thin protective layer of protein5. Viruses are only able to replicate in host cells, and
this occurs when viruses inject host cells with their nucleic acid material. The nucleic acid
material directs the host cell to produce viral progeny5.
Many viruses that infect water supplies and lead to the spread of disease are
gastroenteric viruses. In the upper third of the intestine, gastroenteric viruses replicate,
leading to the destruction of enterocytes that cover the villi of the intestine5. This disrupts
the reabsorption of water in the intestine, causing diarrhea5. Waterborne viruses identified
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by the World Health Organization include: adenoviruses, astroviruses, enteroviruses, and
noroviruses5.
Protozoa
Protozoa is the next group of waterborne pathogens. This category consists of a
variety of unicellular organisms. The protozoa group includes flagellates, which have taillike structures that allow them to move, sporozoa, which are intracellular parasites, ciliates,
which have hair-like structures that are called cilia, and amoeba, which use cell body
projections called pseudopods for locomotion. Cryptosporidium is prominent the member
of this group that has been studied the most5. This protozoan parasite is one of the four
pathogens responsible for a majority of severe diarrheal cases in children6.
Bacteria
The third category of waterborne pathogens is bacteria. Bacteria comprise a large
domain of prokaryotes. Bacteria are typically only a few micrometers in length and have a
number of shapes, including spheres (cocci), rods (bacilli), and spirals (spirilla)5. Bacteria
are classified into two categories: Gram-positive and Gram-negative. Gram-staining is
used to differentiate between these two types of bacteria. This involves staining the
peptidoglycan contained in the cell wall of Gram-positive bacteria7. The violet dye that is
used in Gram-staining is retained in Gram-positive bacteria, causing them to be stained
violet, while Gram-negative bacteria do not retain this dye7. Gram-negative bacteria appear
pink due to the counterstain that is used. Gram-negative bacteria have a thin peptidoglycan
cell wall, but Gram-positive bacteria are surrounded by much thicker layers of
peptidoglycan, leading to the difference in staining7. Staphylococcus aureus, Bacillus
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anthracis, and Streptococcus pneumoniae7. Gram-negative bacteria include Escherichia
coli, Vibrio cholerae, Shigella dysenteriae, and Salmonella typhi5. All four types are
capable of causing severe disease. Large numbers of E. coli are present in the human
intestine; however, some strains, such as O157:H7, can lead to acute diarrhea5.
Another type of gram-negative bacteria is cyanobacteria. Cyanobacteria are a
phylum of bacteria that perform photosynthesis to obtain energy8. Cyanobacteria are the
only prokaryotes capable of producing oxygen. Cyanobacteria range in morphology
including filamentous, unicellular, and colonial varieties9. Figure 2.2 shows a filamentous
variety of cyanobacteria, Anabaena flos-aquae. Many cyanobacteria produce toxins that
threaten human health10. There have even been several instances of cyanobacteria blooms
in water causing human death. In 1996, water contaminated with a cyanobacteria bloom
led to the death of 52 patients in a hemodialysis unit in Brazil10. Thus, there is significant
interest in controlling the level of toxins produced by cyanobacteria present in drinking
water.
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Figure 2.2: 10X image of filamentous cyanobacteria (Anabaena flos-aquae)

2.2 Current Pathogen Detection Techniques
Microbial detection is essential for monitoring water quality and preventing the
spread of disease1. There is no single method that can be used to analyze a water sample of
all pathogens of interest11. The challenges with the current detection methods are low
concentration of pathogens, major differences between pathogen groups, and the presence
of inhibitors in the sample1. Culture-dependent methods are widely used for the detection
of pathogens in water; however, these methods have low sensitivity and need excessive
time to obtain results12. Additionally, many pathogens exist in states that are viable but
non-culturable, such as V. cholerae and E. coli, leading to false negative results13. These
culture-dependent methods at times require days to obtain sufficient bacterial growth and
microscopes that are unavailable in developing countries14.
For both culture and molecular based methods, index pathogens have been selected
that indicate the level of pathogens present in water1. E. coli is extensively used since
detection methods for this type of bacteria are inexpensive and relatively easy. There are
two techniques that are traditionally used to enumerate the presence of index pathogens:
membrane filtration technique and most probable number (MPN) technique15. In the
membrane filtration technique, water samples are filtered through membranes before being
place on selective agar. Bacteria is counted after 24-28 hours, and counts are reported as
colony forming units per 100 mL15. For the MPN method, tubes containing a selective
broth medium are inoculated with the water samples and incubated for a given time and
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temperature15. Any tube containing gas is considered a positive bacterial test, and a second
test is conducted with a more selective medium and examined for gas formation. The
number of positive samples is used to estimate the amount of bacteria present15. The
problem with these methods is that in many cases the amount of E. coli does not correlate
with the presence of other pathogens that are present in the water, such as protozoa and
viruses1. There is a lack of correlation between fecal indicators like E. coli and other
harmful pathogens. Additionally, culturing cells is time consuming and requires
specialized training. Thus, culture-based methods that rely on index pathogens and require
laboratory equipment specialized for cell culturing can be inaccurate and unfeasible for use
in local water treatment facilities and developing countries.
There are various molecular methods that can be used to detect a diverse range of
pathogens with higher specificity than culture-based methods. Molecular techniques like
nucleic acid amplification offer high sensitivity for detection of a variety of pathogens16.
Molecular techniques are typically based on the detection of either the DNA or RNA of
the pathogen16. However, these techniques require a variety of costly reagents and trained
technicians that are unavailable in developing countries and local water treatment facilities.
Additionally, these techniques require further standardization, as nucleic acid extraction
varies considerably depending on the method used.

2.3 Proposed Pathogen Detection Techniques
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Cell culture techniques are relatively effective for determining water quality, but
these techniques are limited in their feasibility and specificity. In this section, various
proposed techniques for advanced pathogen detection will be discussed.
Nucleic Acid Based Techniques
The first proposed methods that will be discussed are molecular techniques that rely
on nucleic acids. These techniques allow for high specificity and screening for thousands
of different pathogens. The techniques that will be discussed in this section are polymerase
chain reaction (PCR), oligonucleotide DNA microarrays, fluorescence in situ hybridization
(FISH) and confocal microscopy, and pyrosequencing.
Polymerase Chain Reaction (PCR)
PCR is one the most common molecular methods that is used for the detection of
waterborne pathogens. PCR amplifies a DNA sequence in a three step process consisting
of denaturization, annealing, and extension17. There are several variations of PCR like
multiplex PCR, which allows for detection of multiple pathogens by coding the genes of
different pathogens in a single reaction16. However, this technique requires optimal primers
and reaction mixture to produce accurate results16. Another variety of PCR is quantitative
real-time PCR (qPCR). This method allows for the quantification of DNA by monitoring
the products that being amplified during cycling and indicated by increasing
fluorescence18. This method eliminates the need for post-PCR analysis and provides high
specificity and sensitivity19. However, the drawback of this approach is that only one
pathogen can detected in a single reaction. Ishii et al. designed a microfluidic qPCR device
labeled with various fluorophores that can detect different types of bacteria20. Thus,
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advances in microfluidics and nanobiotechnology can allow for the developed of qPCR
platforms that allow for the detection of various pathogens in a water sample1.
Oligonucleotide DNA Microarrays
Oligonucleotide DNA microarrays are used to monitor gene expression that occurs
with different cell growth detections. This technique allows for the detection of mutations
in DNA sequences and allows for the characterization of microorganisms21. DNA
microarrays contain high density nucleic acids immobilized in a two-dimensional matrix
that allows for the detection of hundreds of genes through nucleic acid hybridization1.
Microarrays allow for the quick detection of multiple genes of different organisms
simultaneously. The drawbacks of this technique are the high cost, difficulty distinguishing
non-viable cells from viable cells, and the possibility of non-specific hybridization causing
lower sensitivity and specificity5. DNA microarrays are currently commercially available
from Corning, Affymetrix, and Agilent Technologies22. “PhyloChip” by Affymetrix
contains 500,000 oligonucleotides probes and is capable of identifying 8743 strains of
Archaea and bacteria23. Thus, oligonucleotide DNA microarrays are powerful because
most types of bacteria can be detected without culturing. However, the high cost makes
them unfeasible for use in developing countries and local water treatment facilities.
Pyrosequencing
Pyrosequencing is a DNA sequencing technique that uses enzyme-coupled
reactions and bioluminescence in order to monitor the release of pyrophosphate that occurs
as nucleotides are incorporated in real time24. The primary step in this method involves
concentrating the pathogens of interest, which is following by a second concentration
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depending on the pathogen type1. The third step is DNA extraction for bacteria and
protozoa and nuclease treatment for viruses1. The DNA is then amplified and
pyrosequencing can be performed. Pyrosequencing has the potential to detect multiple
pathogens; however, the amount of DNA available can limit the sensitivity. Additionally,
this method is limited by cost, complexity of analysis, and the need for massive computing
power for data generation25.
Fluorescence In Situ Hybridization (FISH)
FISH is based on sample hybridization with rRNA oligonucleotide probes that are
labeled at one end with a fluorescent dye1. Pathogens can be quantified using fluorescence
microscopy, flow cytometry, or confocal microscopy1. FISH is commonly used for the
identification of pathogens in mixed populations like biofilms1. Several kits for FISH are
commercially available, such as Label IT ® Fluorescence In Situ Hybridization Kit Cy®3,
fluorescein and TM-Rhodamine1. Viable but non-culturable cells can also be detected
using FISH coupled with a direct viable count assay26. In this assay, cells are cultured in
media with antibiotics that prevent cellular division, increase rRNA, and allow for viable
cells to be elongated1. The drawback of this technique is the high cost equipment required
and the need for specialized training in order to perform the technique. Thus, the technique
is not suited for field testing and use in developing countries.
Immunology-Based Techniques
Immunology-based detection that utilizes antibodies has been used for detection of
a variety of pathogens27. This type of detection relies on antibody-antigen interaction,
which is when an antibody binds to a specific antigen13. Immunology-based detection
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techniques include immunofluorescence, serum neutralization test (SNT), and enzymelinked immunosorbent assays (ELISA). Immunofluorescence assays have been used for
the detection of protozoa, while the SNT test has been used for identifying viruses1. The
limitations of these methods include the prevalence of negative results, low sensitivity,
cross-reactivity with related antigens, and the excessive cost and time associated with these
methods16.
Biosensor-Based Techniques
In recent years, biosensor-based techniques have become increasingly popular1.
Biosensors are devices that have a bioreceptor that is able to recognize a target analyte and
a transducer that converts the interaction between the bioreceptor and target analyte into
an electrical signal that can be measured1. Thus, biosensors provide quantitative or semiquantitative information for analysis1,28. There are various types of biosensors including
optical biosensors, electrochemical biosensors, and mass-sensitive biosensors. Optical
biosensors are reliant on a change in the optical properties of the surface of the sensor that
is caused by the binding of analytes1. Electrochemical biosensors involve measuring
changes in resistance, capacitance, or conductance of the active sensor surface1. A change
in electrical properties occurs when analytes bind to the active surface, producing the
sensor signal29. Mass-sensitive biosensors have a quartz crystal microbalance biosensor,
which utilizes a quartz crystal that is between two electrodes1. Quartz is piezoelectric and
can be excited by applying a voltage between the electrodes, causing a resonance frequency
to be exhibited5.
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There are several advantages to the use of biosensors for the detection of pathogens.
These advantages include miniaturization, automation, portability, short analysis times,
real-time measurements, and no requirement for sample pre-enrichment30. However, there
are problems with this method including sensitivity to change of mass, pH, and
temperature5. This high sensitivity is a great challenge to the use of biosensor-based
methods. An example of a biosensor that achieved some success was reported by Ho et al.
in 200431. This group used an optical biosensor for the detection of E. coli O157:H7 with
a limit of detection (LOD) of 360 cells/mL31. Thus, it is possible to successfully design a
biosensor for a specific pathogen with a low limit of detection. However, there are still
challenges with producing a stable biosensor that is low-cost, easy to use, and can
differentiate between a variety of pathogens.
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CHAPTER THREE
LECTIN BINDING AND PATHOGEN DETECTION
This chapter discusses lectin binding to carbohydrates and the use of lectins in
biosensors. Lectins are proteins that bind to carbohydrates and are commonly found in
plants. These proteins have been widely studied due to their binding capability, and
recently lectins have been investigated for their ability to bind to bacteria and other
pathogens. In this chapter, an overview of lectin binding will presented in addition to their
use in biosensors. Finally, methods to conjugate lectins to metal probes for use in
biosensors will be discussed.
3.1 Overview of Lectin Binding
Lectins are proteins that bind to specific carbohydrate moieties. These proteins are
responsible for the recognition of surface carbohydrates in animals, bacteria, and plants1.
The first record of lectins was produced in 18882. At this time, lectins were used for typing
of ABO blood group antigens2. Shapley and Boyd proposed the first definition of lectin
and stated that lectins are proteins that reversibly bind to carbohydrates and agglutinate
glycoproteins and polysaccharides3. In subsequent years, the definition for lectins has been
modified. Currently, there are three requirements for a protein to be classified as a lectin:
1) the protein contains a carbohydrate recognition domain, 2) the protein is not an
immunoglobulin, and 3) the protein does not modify the carbohydrate to which it binds4.
The importance of lectins is elucidated by their presence in all kingdoms of life.
Thus, there is increasing interest in studying these proteins and their functions. In plants, it
has been found that expression of lectins is upregulated in response to stress5. It was found
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that these stress inducible lectins are located in the nucleocytoplasmic compartment within
a plant cell; thus, it is proposed that lectin mediated carbohydrate interactions within the
nucleus and cytoplasm are important in stress physiology of plant cells5. Inducible
expression patterns of lectins in response to stress have also been observed in animal cells6.
Lectin binding to carbohydrates is mediated by hydrophobic Van der Waals forces
and hydrogen bonds7. Metal coordination bonds to hydroxyl groups and hydrogen bonds
provide the specificity of lectin-carbohydrate interactions8. In some cases, non-specific
recognition is prevented by steric exclusion7. Additionally, some lectins that have similar
carbohydrate recognition domains are able to recognize different carbohydrates, and this is
attributed to the limited number of contact points with the carbohydrate and shallow
placement of the carbohydrate-binding site7.
Plant and animal lectins play a role in a large variety of biological processes.
Carbohydrate recognition domains aid in the recognition of foreign invaders; thus, lectins
are a part of the immune system7. Additionally, carbohydrate recognition domains are
important for various cellular processes, including self-/non-self-recognition, cell-cell
interactions, and intracellular routing. Lectins also play a role in glycoprotein quality
control as molecular chaperones7. In the remainder of this section, the role of plant-derived
and animal-derived lectins in immune response against foreign pathogens will be discussed
further.
Animal-Derived Lectins
The innate immune system is the first line of defense against foreign pathogens.
This immune system is non-specific and include cells and molecules that recognize
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pathogens and initiate a general defense response7. In this system, pathogens are
recognized through highly conserved structures that are called pathogen associated
molecular patterns (PAMPs)7. In the host organism, these structures are recognized by
pattern recognition receptors (PRRs)7. Many PAMPs are carbohydrates; thus, lectins play
a major role as PRRs. One of the most thoroughly studied lectins with a role in immune
response is mannose-binding protein (MBP), or mannose binding lectin (MBL) 2. This
lectin is a member of the collectins family, which is a group belonging to the calcium ion
dependent C-type superfamily of lectins9. Normally, MBL2 is produced by the liver and
then secreted into the serum; however, exposure to pathogens cause levels of MBL2 to
rise10. Inflammatory cells release cytokines in response to infection, which stimulates the
liver to many acute phase proteins, such MBL27. As part of the innate immune system,
MBL2 acts as a PRR and binds a variety of carbohydrates, including mannose, glucose, Nacetylglucosamine, and N-acetylmannosamine, allowing the lectin MBL2 to interact with
surface glycans on a wide range of bacteria, viruses, fungi, yeasts, and protozoa7. When
the C-terminal portion of MBL2 binds to carbohydrates on the surface of the pathogen, the
N-terminal is able to interact with collectin receptors present on macrophages, which leads
to phagocytosis7. This process is shown in Figure 3.1, which illustrates a model of innate
immunity provided by lectin PRRs. Additionally, MBL2 is able to activate the complement
pathway through the unique lectin pathway, which is independent from the classical
pathway11.
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Figure 3.1: Model of innate immunity in animals provided by lectins that function as
PRRs, such as MBL2. Figure from De Schutter et al. (2015)7.
Plant-Derived Lectins
Despite the numerous differences between the immune system of animals and
plants, there are also several similarities7. The adaptive immune system is unique to
vertebrates, but there is evidence that the innate immune system has ancient origins7. Most
plant cells are capable of detecting foreign pathogens and activating a defense mechanism,
which is in contrast to animals where special cells, such as macrophages and neutrophils,
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play a major role in mounting a defense response12. Similar to animals, plants have
specialized PRRs that provide defense against foreign pathogens7. These PRRs in plants
recognize pathogen or microbe associate molecular patterns (PAMPs/MAMPs) as well as
damage associated molecular patterns (DAMPs). Similar to animals, many PRRs have
lectin domains that can recognize and bind to carbohydrates from pathogens or from plant
cell wall damage7. After DAMP and PAMP/MAMP recognition by PRRs, activation of an
intracellular response occurs, which is shown in Figure 3.2. This is referred to as
PAMP/MAMP-triggered immunity (PTI/MTI)7.

Figure 3.2: Model of Innate Immunity in Plants Provided by Lectins that Function as
PRRs. Figure from De Schutter et al (2015)7.
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For the recognition of DAMPs/MAMPs/PAMPs, there is a large variety of soluble
and membrane-bound PRRs with lectin domains in plants7. However, a limited number of
these have been characterized. These membrane bound PRRs with lectin domains are
frequently coupled with a Ser/Thr kinase domain7. These PRRs are classified into four
groups: L-, LysM-, C-, ang G-type. Due to the immobile lifestyle of plants, they are
frequently subjected to both biotic and abiotic stress factors, which include excess water,
cold and increased salinity7. To respond to these stresses, plants have evolved defense
mechanisms such as several lectin receptor kinases that have been found to act upon abiotic
and biotic stresses13.

3.2 Lectins in Biosensors
Recently, lectins have begun to be used as biorecognition elements in biosensors.
Lectins are able to bind reversibly to carbohydrate structures, allowing them to be used for
the identification of microorganisms that possess numerous surface carbohydrates14.
Additionally, lectins-based biosensors have been used for the identification of living cancer
cells15. Thus, the prevalence of glycoproteins, glycolipids, and other carbohydrates
structures on the surface of various living cells make lectins an attractive candidate for use
as a biorecognition element in biosensors.
Antibodies have been widely used as biorecognition elements in biosensors for the
detection of pathogens16. Varshney et al. investigated the use of an electrochemical
technique based on interdigitated array microelectrodes (IDAM) combined with
impedance detection for the detection of bacterial cells17. In this method, anti-E coli
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antibodies were immobilized on the surface of platinum, gold, titanium, carbon, chromium,
and indium tin oxide electrodes in order to bind to E. coli cells17. Within this system, an
increase in impedance occurred when bacteria was introduced to the environment,
indicating the presence of E. coli17. One advantage of using antibodies targeted to specific
pathogens over lectins is that protein-protein binding is stronger than protein-carbohydrate
binding; however, lectins are more chemically stable, smaller, and retain their activity over
a longer period of time in comparison to antibodies18.
Serra et al. outline a method for detecting E. coli with a piezoelectric biosensor
modified with lectins19. In this biosensor, concanavalin A (ConA) was attached to a goldplated quartz crystal in order to measure piezoelectric transduction directly in the event of
bacteria-lectin binding19. Different response profiles were achieved when using either
ConA or peanut agglutinin (PNA) for E. coli, S. aureus, and Mycobacterium phlei, showing
that different lectins can be used to differentiate between different types of bacteria19.
Gamella et al. developed an electrochemical impedance sensor that is able to detect
E. coli with screen-printed gold electrodes20. In this method, ConA was added to samples
containing E. coli in order to produce E.coli-ConA aggregates, which were then adsorbed
onto the gold electrodes20. It was found that the electron transfer resistance of the gold
electrodes is linearly dependent on the logarithmic concentration of bacteria20.
Additionally, it was found that bacteria binding was not significant without the presence of
ConA20.
In another study, a magnetoelastic sensor for E. coli was developed with chitosanand ConA- modified magnetic Fe3O4 nanoparticles21. This sensor had a linear response to
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E. coli concentration over the logarithmic range of 6.0 x 10-6.1 x 109 cells/mL21. A study
was also conducted on an E. coli sensor using quinone-fused poly(thiophene) coated gold
electrodes22. In this study, E. coli was captured on the surface of the electrode through
either direct binding or ConA-mediated binding22. Other sensors utilizing of been
developed for the detection of E. coli using flow cytometry, colorimetry, and microscopy16.
Thus, a variety of different strategies for the detection of E. coli with lectin-based
biosensors have been investigated, and the field is rapidly advancing to produce biosensors
that are able to detect and discriminate between a large range of different pathogens16.

3.3 Lectin Binding to Pathogens
There are limitations to the detection of wide variety of pathogens, such as the
magnetoelastic sensor designed by Lu et al., which is only able to detect Gram-negative
bacteria21. In order to detect a wide variety of pathogens with high specificity, multiple
lectins may be used. Pathogens have different binding affinities for different lectins due to
the variation in carbohydrate structures present on the surface of cells. One example is that
both S. aureus and E. coli bind to ConA and wheat germ agglutinin (WGA)16,23,24. However,
S. aureus strongly binds with peanut agglutinin (PNA), but this is not observed for E.
coli20,24. Additionally, ConA has been shown to bind to other pathogens, such as Salmonella
typhimurium25, Leishmania donovani26, and Schistosoma mansoni27. Thus, differences in
binding affinities for various lectins can be used to differentiate between pathogens. In this
section, three common lectins (ConA, WGA, and PNA) that are promising for use in lectin
biosensors will be discussed.
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One of the most common, plant-based lectins is ConA, which is derived from the
jack bean, Canavalia ensiformis, which is part of the legume family28. It is well-known that
ConA binds to mannose and glucose residues; ConA specifically binds to α-D-glucosyl
and α-D-mannosyl residues, with hexoses that only differ due to an alcohol group on
carbon 229,30. ConA has been found to interact with a variety of receptors containing
mannose residues, such as blood group markers and insulin-receptors31. Additionally,
ConA has been shown to interact with surface mannose residues on pathogens, such as E.
coli32 and Bacillus subtilis33, with varying binding strength. Thus, ConA is promising for
inclusion in lectin-based biosensors due its ability to bind to a wide variety of pathogens
with surface mannose residues with high specificity.
WGA protects wheat (Triticum aestivum) from foreign invaders, such as yeast,
insects, and bacteria34. WGA is an agglutinin protein, and it binds to sialic acid and Nacetyl-D-glucosamine34. N-acetyl-D-glucosamine is found in the cell wall of bacteria,
allowing WGA to bind to bacteria, such as E. coli, Bacillus subtilis, Enterobacter cloacae,
and S. aureus35. N-acetyl-D-glucosamine is ubiquitous in bacteria, as it provides strength
and shape as part of the biopolymer present in bacterial cell walls36. In study where a lectin
microarray for bacteria detection was prepared by immobilizing lectins on glass slides, it
was found that there was a higher binding affinity to E. coli and Bacillus subtilis compared
to S. aureus35. Thus, the prevalence of N-acetyl-D-glucosamine in bacterial cells walls and
the different binding affinities for different types of bacteria make WGA a useful lectin for
use in microbial biosensors.
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PNA is a plant lectin derived from Arachis hypogaea, or peanut. PNA specifically
binds to the sequence β-D-galactosyl-(1–3)-N-acetyl-D-galactosamine37. Thus, the
presence of this D-galactose sequence in glycoproteins found in S. aureus allow PNA to
selectively bind to this pathogen20. PNA has also been used to differentiate between the
infective noninfective developmental stages of Leishmania major due to its specificity for
D-galactose38. In a study by Tien et al., the surface sugars of cyanobacteria were
characterized using fluorescein isothiocyanate-conjugated lectins, including ConA, PNA,
pokeweed mitogen and phytohaemagglutinin-erythroagglutinin39. Through the use of PNA,
it was determined that low levels of N-acetyl galactosamine and galactose were present to
surface mucilage39. With ConA, phytohaemagglutinin, and pokeweed mitogen, it was
determined that high amounts of glucose, mannose, and N-acetyl glucosamine are present
on the surface of the filamentous cyanobacteria analyzed in this study39. Thus, lectins, such
as PNA, can be used to both detect the presence of a certain pathogen and to determine the
surface carbohydrates on the pathogen.
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CHAPTER FOUR
DESIGN EVOLUTION
This chapter details the design evolution of our group’s lectin-based sensor,
including different materials for the electrodes and the circuit design. Our lab group has
assessed a variety of electrode materials and designs to support both clinical lab testing
and water testing. The design of the pathogen detection system has undergone several
modifications, which will be discussed in this chapter, to ensure consistent results.
4.1 Material for Electrodes
Previously, the lab group utilized copper electrodes for this lectin-based sensor. In
this iteration, there was no chemical conjugation of the lectins to the copper; rather, the
lectins were simply allowed to evaporate onto the surface before placing the electrodes into
the test solution. However, there were several issues with this, including corrosion of the
copper electrodes, inconsistency in results, and lack of reusability of the electrodes due to
the lectins not being chemically immobilized. Initially, copper electrodes were assessed for
detection of cyanobacteria. However, the copper electrodes corroded significantly after
being tested at a voltage of 5 V, which is shown in Figure 4.1. At a lower voltage of 0.20
V, there was also no difference in resistance observed between the control electrodes and
the lectin-coated electrodes when using copper. Thus, gold and platinum electrodes were
subsequently used to prevent corrosion and allow for robust immobilization of lectins on
the electrode surfaces.
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Figure 4.1: Corroded Copper Electrodes
After testing with copper electrodes, gold and platinum coated silicon wafers were
used as electrodes in the sensor. However, at a voltage of 5V, the gold (1250 Å thick gold
coating) began to flake off of the gold coated silicon wafers. In Figure 4.2, a set of gold
coated silicon wafers that was coated with a control protein is shown. It is evident that gold
is flaking off of the wafer at the point where the gold was submerged in the test solution.
Thus, platinum coated wafers were subsequently tested to assess the corrosion resistance
of this type of coating. Even at a voltage of 5V, the platinum coating remained intact on
the silicon wafers. However, there was a problem with the silicon wafers breaking due to
pressure placed the alligator clips used to attach the electrodes to the circuit. Additionally,
the thickness of the metal coating on these wafers was unknown, and the wafers themselves
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were several years old. Thus, our group obtained coated wafers from Oak Ridge National
Laboratory.

Figure
Since the
gold4.2: Gold Flaking Off of Silicon Wafer Control Electrode
At Oak Ridge National Laboratory, an E-Beam evaporator was used to deposit gold
and platinum thin films on silicon wafers. Wafers with different thicknesses of gold coating
were produced. Additionally, either a thin titanium or chromium coating was placed on the
wafer before gold coating to allow the gold to adhere better to the silicon wafer. The
different coatings are as follows: 100 Å titanuium (Ti) and 200 Å gold (Au), 100 Å Ti and
400 Å Au, 150 Å Ti and 1250 Å Au, 100 Å chromium (Cr) and 125 Å Au, and 1500 Å
platinum (Pt). These coatings were placed on (100) orientation silicon wafers. The wafers
were cut to an appropriate size for use as electrodes (approximately 1 cm wide and 7.5 cm
long) using a diamond tipped scribe and glass cutter. The different silicon wafers are
shown with a ruler for scale in Figure 4.3. For a majority of testing, the 100 Å Ti and 400
Å Au wafers were used, as this represented an intermediate thickness of gold. The gold
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coated wafers with thicker coating used previously had problems with gold flaking off, and
thinner gold coatings result in sparser distribution of the metal.

Figure 4.3: Silicon Wafers from Oak Ridge National Laboratory
These wafers proved to be more corrosion resistant compared to the previous
wafers. However, there was still an issue with corrosion of the gold wafers. After being
submerged in the test solution for longer periods of time (15-20 minutes), the 100 Å Ti and
400 Å Au coated wafers began to corrode at the portion at which the wafer was submerged
in liquid. Thus, all subsequent testing was conducted at a lower voltage of 0.25 V across
the electrodes in order to avoid the problem of corrosion.

4.2 Overall Design of System
The lectin-based biosensor for the detection of pathogens proposed by our group
relies on the measurement of the resistance between two electrodes. The biosensor consists
of two electrodes coated with a lectin and two electrodes coated with a control protein. It
is expected that pathogens will selectively bind to the electrodes coated with a specific
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lectin and coat the electrodes, causing the resistance between the electrodes to increase.
This change in resistance can then be measured and compared to the change in resistance
between the control electrodes. If there is a significant change in resistance between the
lectin-coated electrodes, it can be determined if a certain pathogen is present, since lectins
bind to specific carbohydrates with different binding affinities. In order to measure the
resistance between electrodes, it is necessary to hold the two electrodes in place close
together. Through experiments previously conducted, it was determined that a distance of
1 mm between the two electrodes in a set is ideal. A larger distance will cause infinitely
large resistance between the electrodes. In order to hold the electrodes at this distance, there
have been various different set-ups tested.
Figure 4.4A shows the prototype used previously by the lab group. This prototype
includes copper electrodes that are held apart a distance of 1 mm using tape. In this
prototype, alligator clips are used to connect the electrodes to the circuit. This testing unit
is designed to fit on a port in a water system, similar to systems that are currently used. In
Figure 4.4B, a sensor probe for corrosion is shown from the Anderson Regional Joint
Water System (ARJWS). Thus, we aimed to design a test system that is similar in size to
this corrosion sensor for use in a water system.
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Figure 4.4: Comparison of Prototype and Sensor Used at Water Testing Facility. A)
Testing set-up previously used by lab group with copper electrodes. B) Test sensor probe
at US-based water testing facility.
Figure 4.5 shows an overview of the recent prototype iterations of the lectin-based
sensor. The first prototype using the gold coated silicon wafers as electrodes is shown on
the left in Figure 4.5. In this design, tape was used to hold to silicon wafers apart, similar
to the prototype previously used by the lab group. However, this method resulted in
significant movement of the electrodes due to the tape becoming wet from the test solution.
Subsequently, a glass slide was placed between the sets of electrodes in order to keep them
apart a fixed distance, and the slide was held in place using tape. This method was more
effective for keeping the electrodes apart. However, there was a problem with the silicon
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wafers breaking due to the stress placed on the wafers by the alligator clips, which were
used to connect the electrodes to the circuit.

Figure 4.5: Recent Design Iterations of Lectin-Based Microbial Sensor
In order to solve this problem, copper heat sinks were used to connect the electrodes
to the circuit, which is shown in the third and fourth picture of Figure 4.5. Additionally, a
holder for the electrodes was 3D printed in order to keep the electrodes a fixed distance
apart. This holder was designed to hold five sets of electrodes simultaneously in order to
test more electrodes coated with different lectins at one time. The bottom portion of the
holder is designed to contain the test solution. This first iteration of this electrode holder is
shown in Figure 4.6.
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Figure 4.6: First 3D Printed Five Electrode Set Holder
One problem that arose with this design is that there no method to agitate the
bacteria in the test solution in the bottom portion of the holder. Thus, the heavy bacteria
fell to the bottom of the holder, leading to inaccurate results. In order to rectify this, the
holder was redesigned to include a large hole in the middle to place a magnetic stir bar in
order to ensure that the bacteria is well-distributed throughout the test solution. Figure
4.7 shows the SolidWorks drawings of the top insert for holding the electrodes in place
with dimensions in cm. Figure 4.8 shows the SolidWorks drawings (units in cm) of the
bottom container for the test solution, where a magnetic stir bar can be placed. Figure 4.9
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shows the system in use on a stir plate with a magnetic stir bar that is agitating the test
solution, and the top insert is holding two sets of silicon wafer electrodes. This design
was successful in keeping the silicon wafer electrodes a fixed distance of 1 mm apart,
while allowing for the test solution to be thoroughly mixed throughout testing.

Figure 4.7: SolidWorks Drawing of Top Insert Holding Electrodes in Place (units in cm)
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Figure 4.8: SolidWorks Drawing of Bottom Container for Test Solution (units in cm)

Figure 4.9: Images of Electrode Holder with Magnetic Stir Bar. A) Overview of system
on stir plate with silicon wafer electrodes inserted. B) Close-up of electrode holder with
magnetic stir bar agitating test solution.
4.3 Circuit Design and Data Acquisition
The circuit design consists of a Wheatstone bridge circuit, which is shown in
Figure 4.10. The resistor Rx represents the two electrodes in a set. Thus, there are two
Wheatstone bridge circuits, one for each set of electrodes. Due to the unknown resistance
RX, the bridge is considered to be an unbalanced bridge circuit. Derivation of the formula
for calculating Rx from the voltage measured across nodes A and B is shown below. Vout
is the voltage across the nodes A and B.
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Figure 4.10: Unbalanced Wheatstone Bridge Circuit. This bridge circuit was used to
calculate the unknown resistance between a set of electrodes (Rx). Vin was either 5 V or
0.25 V for later experiments. R1 was set to either 2000 Ω or 52 Ω for later experiments.
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The lab group in previous years utilized a NI DAQ for data acquisition. For one
experiment discussed in this thesis, a NI DAQ was used. A NI-USB 6008 DAQ assistant
supplied a 0.20 V input voltage. The DAQ assistant acquired voltage data that was further
processed in LabVIEW. After data reaches the DAQ assistant, it is passed through an
analog to digital convertor, and the data is then processed according to the block diagram
shown in Figure 4.11. The data is collected at a rate of 10 samples per second, and the
signal then passes through a compression node in order to calculate the average of the 10
samples taken, which is then outputted to the formula. The formula uses voltages from
nodes A and B, which are shown in the circuit diagram in Figure 4.10. The formula then
outputs the unknown resistance between the electrodes (Rx). In Figure 4.12, a sample of
the front panel, while running an experiment with lectin-coated electrodes and test
solution containing E. coli is shown. In this figure, it is evident that there is large amount
of fluctuation in the signal obtained from the DAQ assistant. Due to the inconsistencies
experienced with the DAQ assistant, simpler options for measuring voltage across the
Wheatstone bridge circuit were chosen, since there primary goal of the project is to
identify a lectin array for the identification of cyanobacteria and other common bacteria
types.
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Figure 4.11: Block Diagram in LabVIEW
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Figure 4.12: LabVIEW Front Panel Showing Resistances, Voltages, and Waveforms for
Three Electrode Sets
The two other options used for measuring voltage across the Wheatstone bridge
circuit were multimeters and an Arduino Uno Microcontroller. In Figure 4.13, an
example of a test set-up with two multimeters is shown. Two multimeters are used to the
measure the voltage across both bridge circuits simultaneously. In this set-up, either a
power supply or Arduino Uno was used to supply power. In order to obtain more decimal
places for the measured voltage, the Newport TrueRMS Supermeter and the Keithley
2110 51/2 Digital Multimeters were used in later experiments as opposed to the Tenma
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Digital Multimeter shown in Figure 4.13. The three different multimeters used are shown
in Figure 4.14. In Figure 4.15, the entire lab bench test set-up is shown with the Keithley
Digital Multimeter.

Figure 4.13: Test Set-Up with Two Multimeters
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Figure 4.14: Multimeters Used to Measure Voltage Across Bridge Circuit

Figure 4.15: Lab Bench Testing with Keithley Digital Multimeter
The multimeter set-up involved various wires that would come lose and require
significant time to rectify, which resulted in inaccurate results and lost time after the
addition of microbial contaminants to the test solution. Additionally, results could not be
continuously obtained over time with this method. Thus, an Arduino Uno was
subsequently used to both supply power to the circuit and read the voltage across nodes A
and B of the two Wheatstone bridge circuits. The Arduino Uno was used to provide a
continuous voltage of 5 V, and this 5 V input voltage was passed through a voltage
divider with 910 Ω and 100 Ω resistors. This provided an input voltage of approximately
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0.50 V to the Wheatstone bridge circuits with 0.25 V supplied to each bridge circuit. The
Arduino function analogRead was used to read the inputs across nodes A and B of each
bridge circuit. Pins A0 and A1 were used for the first bridge circuit, while pins A2 and
A3 were used for second bridge circuit. These input values were then converted to
voltages, and a bridge voltage was calculated by subtracting the value of node B from
node A. The voltage across each bridge circuit was then used to calculate the resistance
across the electrodes according to the formula previously discussed in this section. In
Figure 4.16, the Arduino code that was used is shown. In Figure 4.17, the breadboard
with the voltage divider, two Wheatstone bridge circuits, and Arduino Uno is shown.
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Figure 4.16: Arduino Code for Reading Voltage and Calculating Resistance Across
Bridge Circuits

Figure 4.17: Breadboard Connected to Arduino Uno with Two Wheatstone Bridge
Circuits
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CHAPTER FIVE
MICROSENSE FOR MICROBIAL DETECTION
This chapter details the novel, lectin-based biosensor called Microsense that is
being developed by our lab group for the detection of various microbial pathogens. Lectins
are proteins that bind to specific carbohydrates, and bacteria have various carbohydrate
structures attached to their cell walls. Thus, lectins demonstrate binding activity to a variety
of bacteria. Our sensor utilizes lectin-binding to bacteria to obtain an electrochemical signal
that can be used to indicate the type and quantity of bacteria present. This chapter serves
to investigate lectin binding to cyanobacteria, E. coli, and S. aureus and discuss the results
obtained with the various design iterations of Microsense.

5.1 Background
According to the World Health Organization, waterborne diseases cause 3.4 million
deaths per year worldwide1. Due to the high mortality associated with waterborne
pathogens, it is necessary to have a fast and accurate method to identify microbial
contaminates in drinking water as well as a fast and accurate method to diagnose microbial
infections in patients. Due to outdated detection methods, outbreaks of waterborne disease
are not effectively recognized and prevented2. Thus, there is a need for more affordable
and accurate detection methods in developing countries.
The problem of microbial contaminates in drinking water is not limited to
developing countries. Even in the United States, lost productivity due to waterborne
pathogens costs approximately $20 million per year3. Certain types of pathogens are also
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difficult to detect at local water treatment facilities, requiring samples to be sent to outside
labs, and it can take several weeks to obtain results in these cases. In recent years, the
interest in detecting cyanobacteria and their toxins has intensified, as population growth
and climate change have caused increasing nutrient loads and water temperatures, leading
to increased proliferation of cyanobacteria4. The Environmental Protection Agency
recommends the use of liquid chromatography/tandem mass spectrometry (LC/MS) for the
detection of cyanobacteria5. However, this method of testing is costly, not portable for field
testing, and requires trained technicians. Locally, our group contacted the Anderson
Regional Joint Water System (ARJWS), which is a large facility that can treat up to 48
million gallons of water from Lake Hartwell each day. This facility has identified a method
for the identification of cyanobacteria as a key need. The number of labs in the US capable
of testing for cyanobacteria are limited, and it can take 1-2 weeks for facilities like ARJWS
to obtain the results of this testing. Thus, there is a need for a fast and accurate method to
detect cyanobacteria blooms for use at local water treatment facilities.
The method for the detection of a wide variety of waterborne pathogens, including
cyanobacteria, in both developed and developing countries proposed in this thesis is a
lectin-based biosensor. Lectins are proteins that bind to carbohydrates with highspecificity6. There are three main requirements for a protein to be classified as a lectin: 1)
the protein must contain a carbohydrate recognition domain, 2) the protein must not be an
immunoglobulin, and 3) the protein must not modify the carbohydrate that it binds7. Lectins
play a role in the innate immune system of both plants and animals that works against
foreign pathogens8. Lectins act as pattern recognition receptors (PRRs), which recognize
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pathogen associated molecular patterns (PAMPs) that are carbohydrates and initiate a
general defense response8.
Thus, pathogens possess many surface carbohydrates that are recognized by plantderived lectins. Many different lectins bind with high-specificity to various pathogens9.
Thus, various lectin-based biosensors for pathogen detection have been developed that rely
on lectins binding cell-surface carbohydrates10. Lectins bind to pathogens with different
binding affinities due to variation in carbohydrate structures on the surface of cells.
Concanavalin A (ConA), which is derived from the jack bean, is one of the most common
plant-based lectins, and it is well-known that ConA binds to mannose and glucose
residues11,12. ConA has been shown to bind to pathogens, such as E.coli13 and S. aureus14
with varying binding affinity.
Wheat germ agglutinin (WGA) is another common plant-based lectin derived from
wheat15. WGA is an agglutinin protein that specifically binds to sialic acid and N-acetylD-glucosamine15. N-acetyl-D-glucosamine is a ubiquitous protein in bacterial cell walls;
thus, WGA is able to bind to bacteria, such as E. coli, Bacillus subtilis, and S. aureus16.
Peanut agglutinin is another agglutinin lectin that specifically binds to the sequence β-Dgalactosyl-(1–3)-N-acetyl-D-galactosamine17. This D-galactose sequence is found in
glycoproteins present on the surface S. aureus, allowing PNA to strongly bind to this
pathogen18. This strong binding to PNA is not observed for E. coli18,19. Thus, even though
both E. coli and S. aureus bind to ConA and WGA, the strong binding affinity of S. aureus
for PNA can be used to differentiate between these two types of bacteria.
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Our biosensor relies on this varying binding affinity of lectins for different
pathogens, depending on the presence and abundance of different surface carbohydrate
structures. Our biosensor uses an electrochemical technique based on resistance between
sets of electrodes. Varshney et al. detail a similar technique of using anti-E. coli antibodies
chemically attached to the surface of metal electrodes20. In this method, the presence of E.
coli is determined by an increase in resistance upon the addition of the bacteria20. Our
method relies on at least two sets of metal electrodes. Each set consists of two electrodes
that are placed within 1 mm of each other. One set is coated with a lectin, while the other
set is coated with a control protein (bovine serum albumin). Each set of electrodes is
connected to an unbalanced Wheatstone bridge circuit. The electrodes are submerged in
saline and the pathogen of interest is added to the test solution. It is expected that the
bacteria will bind to the specific lectin coated electrodes, leading to an increase in
resistance between to the electrodes, and will only minimally bind to the control set of
electrodes. This increase in resistance between the lectin-coated electrodes can be
quantified and used to determine the type and quantity of bacteria present.
Our lab group has previously successfully used this lectin-based biosensor for the
detection of E. coli. Our next goal is to determine if the concept of a lectin-based biosensor
can be used for the detection of cyanobacteria. Tien et al. determined that high amounts of
mannose, glucose, and N-acetyl glucosamine are present on the surface of filamentous
cyanobacteria; thus, ConA, phytohaemagglutinin, and pokeweed mitogen bound to the
surface of the bacteria21. Thus, it is expected that ConA and WGA coated electrodes will
cause cyanobacteria to bind due to mannose, glucose, and N-acetyl glucosamine present,
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while PNA is not expected to bind. These lectins were chosen for testing due to their wide
availability. Cyanobacteria is also known to possess lectins, and the few cyanobacterial
lectins that have been analyzed thus far have exhibited specificity for mannose rich
glycans, or mannan, which is the major glycan present on the cell envelope of HIV22. Thus,
testing was also conducted with mannose-coated electrodes to determine if this sugar could
be used to bind to lectins present on the surface of cyanobacteria as an alternative approach.
In addition to testing cyanobacteria with various lectin-coated electrodes, E. coli
and S. aureus were tested to determine if consistent results could be obtained with this
lectin-based method. Previous results obtained by the lab group were inconsistent due
problems with keeping the electrodes a fixed distance apart and lack of chemical
conjugation of the lectins to the electrodes. Thus, different electrode materials and set-ups
are explored in this thesis along with chemical conjugation of lectins to metal electrodes.
This lectin-based biosensor is currently being approached as a device for determining the
presence of different types of bacteria in water sources.

5.2 Materials and Methods
During testing with different types of bacteria, several different test set-ups were
utilized. The basic set-up in each case included a beaker or container for holding the test
solution, metal electrodes coated with lectins, metal electrodes coated with a control
protein (bovine serum albumin), a mechanism for holding each set of electrodes 1 mm
apart, and an unbalanced Wheatstone bridge circuit. In this section, the materials and

60

methods for the various test set-ups used and additional experiments, such as imaging, will
be discussed.

Culturing Bacteria
In all of the experiments conducted, either E. coli, S. aureus, or cyanobacteria were
used as the target pathogen. For the cyanobacteria, either Anabaena flos-aquae or
Anabaena variabilis, which are both filamentous cyanobacteria, were used. The K-12
strain of E. coli (Carolina Biological, Burlington, NC) was used. The E. coli was streaked
on tryptic soy agar plates (3% tryptic soy broth and 1.5% agar) in order to expand the
bacterial culture. After 24 hours of incubation of the E. coli streaked plates at 37 °C, an
inoculating loop was used to scrape off isolated colonies and inoculate liquid tryptic soy
broth (3% tryptic soy broth) for use direct use in testing with the sensor. S. aureus (Fisher
Scientific, Waltham, MA) was cultured similarly to E. coli using tryptic soy agar plates
and tryptic soy broth.
A. flos-aquae (UTEX Culture Collection of Algae, Austin, TX) was cultured in
liquid BG-11 media in a large bioreactor. This photobioreactor system (UTEX Culture
Collection of Algae, Austin, TX) included a gas exchange assembly and lighted housing
that was placed on a timer in order to provide 12 hours of darkness and 12 hours of light
for optimal growth23. This bioreactor is shown in Figure 5.1. A. variabilis was cultured by
streaking the bacteria on BG-11 agar slants (1.5% agar in BG-11) using an inoculating
loop. For testing, the A. variabilis was placed in liquid BG-11 using an inoculating loop.
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Figure 5.1: Photobioreactor with A. flos-aquae in BG-11 Media

Quantification of Bacteria
The amount of bacteria added during testing was initially recorded as a volume for
each type of bacteria used. Samples were taken of the test solution after each addition of
bacteria in order take an optical density reading using a plate reader that was later used to
calculate the concentration of bacteria in the test solution. For E. coli, an optical density
(OD) reading was taken at a wavelength of 600 nm (OD600), as it is standard to use optical
density values measured at this wavelength to convert to a concentration in cells/mL24. For
E. coli, an OD600 of 1.0 is equivalent to 8 x 108 cells/mL25, which was used to calculate the
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concentration of E. coli from the OD600 measured after each addition of bacteria to the test
solution. For S. aureus, an OD reading was taken at a wavelength of 650 nm based on the
optical density method for quantification of S. aureus described in previous literature26.
Cyanobacteria was quantified using a hemocytometer and microscope to manually
count filaments, and this was then related to OD readings taken at a wavelength of 750 nm
in order to create a standard curve. It is standard to quantify cyanobacteria using a
microscope and a hemocytometer where the filaments present in the different squares of
the hemocytometer are manually counted27. In our case, this manual count was plugged
into the following formula:

34556
75

$"$85 34556 3"#'$4:

= # "< 6=#8>46 3"#'$4: 𝑥 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑥 10L. This

process was completed for serial dilutions of cyanobacteria, and corresponding OD
readings at a wavelength of 750 nm were taken for each dilution. This was used to produce
a standard curve with a linear best-fit line that could be used to find the concentration of A.
flos-aquae based on the OD750 reading. An OD reading of 750 nm was chosen as this avoids
capturing the amount of chlorophyll being produced by the cyanobacteria, which cannot
be directly related to the amount of cyanobacteria28.

Large Beaker Set-Up and Copper Electrodes
The first tests with cyanobacteria were conducted using copper electrodes and a
large beaker set-up similar to the method previously used by the lab group for testing with
E. coli. This set-up is shown in Figure 5.2. In this set-up, a 240 mL beaker was filled with
200 mL of phosphate buffered saline (PBS). PBS was used as it has a pH and ion
concentration similar to the body and is commonly used as a buffer solution. Two different
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trials were run with the copper electrodes and A. flos-aquae. In one trial, one set of lectins
was coated with mannose, and the other set of electrodes was coated with a control protein,
bovine serum albumin (BSA). For this trial, there was no chemical conjugation to the
copper electrodes. The mannose was prepared by dissolving 0.05 grams of mannose in 5
mL of sterile PBS (10 mg/mL concentration). Similarly, the BSA was prepared by
dissolving 0.05 grams of BSA in 5 mL of sterile PBS (10 mg/mL). The solutions were
vortexed until the solutes dissolved.
After preparing the solutions, the copper electrodes were coated with the mannose
and BSA. The copper electrodes were first cleaned with 70% ethanol and then allowed to
dry in a sterile hood for 10 minutes. Following this, 2 mL of the mannose solution was
pipetted onto the bottom portion of 2 electrodes. Similarly, 2 mL of the BSA solution was
pipetted onto the bottom portion of the other two electrodes. These electrodes were then
allowed to dry for 1 hour. After this, the electrodes remained wet, and excess liquid was
dabbed with a Kimwipe. The electrodes were then placed approximately 1-5 mm apart and
held in place using tape around the outer portion.
The electrodes were then placed in the beaker containing PBS. The circuit shown
in Figure 5.3 was then attached to each set of electrodes. A voltage of 5V was provided by
a power supply. The voltage across nodes A and B was found with multimeters. A
multimeter was used to measure the voltage across each Wheatstone bridge circuit. For this
experiment, the concentration of the cyanobacteria was not determined. Cyanobacteria was
added to the beaker using a pipette, and a voltage reading was recorded after 5 minutes to
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allow the signal to stabilize. An additional experiment was conducted with the same setup, but WGA (10 mg/mL) was used for the test set of electrodes as opposed to mannose.

Figure 5.2: Large Beaker Set-Up with Copper Electrodes
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Figure 5.3: Unbalanced Wheatstone Bridge Circuit. RX represents unknown resistance
across the set of electrodes that can be calculated. For this experiment, R1=2 kΩ.

Conjugation of Lectins to Platinum/Gold Coated Silicon Wafers
Due to problems obtaining consistent results using the method of simply adding
lectins to the surface of copper electrodes through evaporation, for subsequent tests
chemical conjugation was used to provide a stronger bond between the lectin and metal
surface of the electrodes. The decision was made to use gold coated silicon wafers due to
the ease of cutting this material into the desired size and shape and problems with corrosion
of the copper electrodes over time. It was thought that the gold coated electrodes would
provide more reusability. The electrodes were cut into rectangles approximately 1 cm wide
and 7.5 cm long. The specific protocol for the conjugation of lectins the electrode surfaces
is described in detail in Appendix A.
Briefly, 11-amino-1-undecanethiol hydrochloride (Sigma-Aldrich, St. Louis, MO)
was dissolved in 100% ethanol for a final concentration of 5 mM. For some tests, 3-amino1-propanethiol hydrochloride (5 mM) was used instead. The purpose of this step is to add
amine groups to the surface of the electrode. This amino solution was placed on the
electrodes for 10 minutes, and the electrodes were subsequently gently rinsed with 100%
ethanol. The electrodes were allowed to dry in the sterile hood after this step. The lectin,
protein, or sugar that was to be conjugated to the electrode was then dissolved in PBS at a
concentration of 10 mg/mL. A BSA solution was prepared for all experiments for the
control electrodes. To this solution containing the protein or sugar of choice, N-(3-
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Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) was added for a final concentration of
0.05 M. N-hydroxysulfosuccinimide (sulfo-NHS) was subsequently added to this solution
for a final concentration of 5 mM. Subsequently, this solution was thoroughly vortexed.
This solution containing the protein/sugar to be conjugated, EDC, and sulfo-NHS was then
placed on the dried electrodes, previously treated with amino groups. This reaction with
the electrode surface was allowed to proceed at room temperature for 2 hours. After 2
hours, the excess solution was rinsed with PBS, and the electrodes were then ready for use
in the sensor.
EDC/sulfo-NHS coupling has been frequently used to functionalize the surface of
gold29,30, and it has also been used for platinum31. EDC is a water-soluble carbodiimide
that reacts with carboxylic acid groups found on proteins to form an O-acylisourea
intermediate32. This intermediate is displaced by nucleophilic attack from amino groups,
which are present on the electrode surface32. This causes the formation of an amide bond,
attaching the protein of interest to the electrode surface. Sulfo-NHS is frequently included
in EDC coupling, as it increases efficiency and leads to the creation of dry-stable
intermediates that are amine reactive at physiological pH32.

Large Beaker Set-Up and Platinum/Gold Coated Silicon Wafers
Initially, the gold and platinum electrodes conjugated with lectins through
carbodiimide coupling were used in a similar large beaker set-up to the copper electrodes.
With this large beaker set-up, gold wafers conjugated with mannose and BSA were tested
with A. flos-aquae twice. Soybean agglutinin and BSA coated platinum electrodes were

67

tested with A. variabilis. Finally, ConA and BSA coated platinum wafers were tested with
E. coli. Voltage (5 V) was supplied by a power supply. Voltage readings were recorded 5
minutes after each addition of bacteria.

3D Printed Electrode Holder and Data Acquisition with NI DAQ
Due to the problem with the electrodes moving in the large-beaker set-up, a 3D
printed electrode holder was designed to hold up to 5 sets of electrodes. This electrode
holder is shown in Figure 5.4. Similar to the large beaker set-up, Wheatstone bridge
circuits were connected to each set of electrodes, and voltage was measured across nodes
A and B shown in Figure 5.3. Lectins were conjugated to the surface of the electrodes as
described previously. With this set-up, a NI DAQ assistant was used to supply power and
acquire data. The details of this data acquisition process are described in Chapter 4. An NI
DAQ assistant was used in order to continuously obtain data over time as the sensor is
being tested. With this set-up, a test was conducted with BSA coated electrodes, mannose
coated electrodes, and ConA coated electrodes in a test solution containing A. flos-aquae.
In this test, gold coated (10 nm titanium, 40 nm gold) electrodes were used. Another test
was conducted with E. coli and gold electrodes (10 nm titanium, 40 nm gold) conjugated
with BSA, ConA, and PNA. A voltage of 0.20 V was supplied by the DAQ assistant.
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Figure 5.4: Five Electrode Holder Connected to NI DAQ Assistant

Improved 3D Printed Electrode Holder and Data Acquisition with Arduino Uno
With the previous set-up, there was a problem with adequately mixing the test
solution after each addition of bacteria. Thus, in the new 3D printed test holder, a hole was
added in the top to allow for magnetic stir bar to be placed. This allowed the test solution
to be mixed by stirring after each addition of bacteria. This test set-up is shown in Figure
5.5. Additionally, there was a problem with major fluctuation in the signal obtained from
the DAQ assistant. Therefore, simpler methods were subsequently used to find the voltage
between nodes A and B on the Wheatstone bridge circuit (Figure 5.3). An Arduino Uno
was used to supply voltage across the circuit (0.50 V). Additionally, an Arduino Uno was
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used to find the voltage across each bridge circuit. This process and the code used is
discussed in Chapter 4. In many cases, the voltage obtained was further checked using
multimeters (Newport TrueRMS Supermeter and the Keithley 2110 51/2 Digital
Multimeter). Lectins were conjugated to the surface of gold electrodes (10 nm titanium, 40
nm gold) using carbodiimide coupling, as previously described. Voltage readings were
recorded 5 minutes after each bacteria addition to allow the signal to stabilize.

Figure 5.5: Improved 3D Printed Electrode Holder with Magnetic Stir Bar

Imaging of Electrodes with Olympus LEXT OLS4000 Laser Measuring Microscope
In order to visually confirm the binding of cyanobacteria and E. coli to specific
lectin-coated electrodes, electrodes were imaged after coming into contact with bacteria.
In this protocol, lectins were conjugated to the surface of gold coated electrodes (10 nm
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titanium, 40 nm gold) using the carbodiimide coupling protocol previously described. The
electrodes were then placed in concentrated solutions containing either A. flos-aquae or E.
coli for 5 minutes. After this 5-minute period, the electrodes were gently rinsed with PBS.
This imaging experiment was conducted twice. The electrodes were placed in the fridge at
4 °C overnight and imaged the next day, allowing the electrodes to dry. For imaging, the
Olympus LEXT OLS4000 Laser Measuring Microscope was used. This is a confocal
microscope that allows 3D images to be taken.

5.3 Results
Cyanobacteria Detection with Copper Electrodes
Cyanobacteria was first tested with copper electrodes coated with lectins, as this
set-up was previously used by the lab group. In these tests, mannose and the lectins used
were not chemically conjugated to the copper electrodes. In the first test, mannose coated
copper electrodes and a control set of electrodes coated with BSA were used. The voltage
across each bridge circuit was measured using multimeters, and 5 V was supplied with a
power supply. 2 kΩ resistors were used for the known resistors. The voltages and calculated
resistances from this experiment are shown in Table 5.1. It is evident that the voltage is
decreasing over time with every addition of bacteria. This was due to the copper electrodes
corroding over time. There was also very little difference observed between the BSA
coated electrodes and mannose coated electrodes. The voltages and resistances for this
experiment are plotted in Figure 5.6.
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Table 5.1: Voltages and Resistances of BSA and Mannose Coated Copper Electrodes
with Addition of A. flos-aquae
BSA

Mannose

Total Amount of A. flosaquae Added

Voltage (V)

Resistance (Ω)

Voltage (V)

Resistance (Ω)

No bacteria (PBS)

5.04

1000

5.04

1000

2 mL bacteria

4.81

976.65

4.81

976.65

4 mL bacteria

4.84

979.76

4.84

979.76

10 mL bacteria

4.77

972.48

4.76

971.43

20 mL bacteria

4.79

974.57

4.78

973.52

30 mL bacteria

4.74

969.33

4.75

970.38

Figure 5.6: Voltages and Resistances Plotted for Mannose and BSA Coated Copper
Electrodes Tested with A. flos-aquae. A) Plot of voltage vs. total amount bacteria added
in mL, B) Plot of resistance vs. total amount of bacteria added in mL.
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For the second test with cyanobacteria and copper electrodes, WGA coated
electrodes and control BSA electrodes were used. The conditions used for the experiment
were the same as those used for the mannose and BSA experiment. However, a low voltage
was supplied in this case due to corrosion that occurred with the previous experiment at a
voltage of 5 V. The voltages and calculated resistances from this experiment are shown in
Table 5.2. These voltages and resistances are plotted against the concentration of
cyanobacteria (filaments/mL) in Figure 5.7. It is evident that there is no pattern in the
change in voltage and resistance with the addition of bacteria.
Table 5.2: Voltages and Resistances of BSA and WGA Coated Copper Electrodes with
Addition of A. flos-aquae

A. flos-aquae OD 750
0
0.061666667
0.063
0.060333333
0.060666667
0.086
0.064333333
0.065666667
0.07
0.073666667
0.078666667
0.076

WGA
BSA
Voltage Resistance
Resistance
(V)
(Ω)
Voltage (V)
(Ω)
0.0224
1268.0
0.0283
1117.7
0.0009
1964.3
0.003
1883.5
0.0003
1988.0
0.0045
1827.8
0.0023
1910.1
0.0042
1838.8
0.0029
1887.3
0.0017
1933.1
0.0031
1879.7
0.0001
1996.0
0.0048
1816.8
0.0021
1917.7
0.0066
1752.3
0.0037
1857.3
0.0093
1659.7
0.0064
1759.4
0.0125
1555.6
0.0098
1643.0
0.015
1478.3
0.0132
1533.6
0.0176
1401.4
0.0154
1466.2

Filaments/mL
0
308333.3333
315000
301666.6667
303333.3333
430000
321666.6667
328333.3333
350000
368333.3333
393333.3333
380000
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Figure 5.7: Voltages and Resistances Plotted for WGA and BSA Coated Copper
Electrodes Tested with A. flos-aquae. A) Plot of voltage vs. total amount bacteria added
in mL, B) Plot of resistance vs. total amount of bacteria added in mL.
A. flos-aquae Concentration Standard Curve
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For earlier experiments with cyanobacteria, there was no method employed to
quantify the bacteria due to lack of set protocols for quantification for this type of bacteria.
Thus, a method was devised to correlate OD750 readings to manual counts with a
hemocytometer in order to quickly calculate bacteria concentration for future experiments.
A standard curve was obtained from this with a linear trendline that was used to quantify
cyanobacteria concentration for subsequent experiments. This standard curve is shown in
Figure 5.8.
A. flos-aquae Concentration Standard Curve

Concentration of A. flos-aquae [filaments/mL]

2500000

2000000

y = 5E+06x
R² = 0.9896
1500000

1000000

500000

0
0.0000

0.0500

0.1000

0.1500

0.2000

0.2500

0.3000

0.3500

0.4000

0.4500

OD750

Figure 5.8: A.flos-aquae Concentration Standard Curve

Gold and Platinum Coated Silicon Wafer Electrodes with Chemical Conjugation
For later experiments, metal-coated silicon wafers were used due to higher
corrosion resistance and ideal properties for chemical conjugation. In this experiment,
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carbodiimide coupling was used to chemically conjugate mannose, ConA, and BSA to the
metal surface of the silicon wafers in order provide a higher degree of coating and to ensure
that the coating remains intact over time. In these experiments, a large beaker set-up was
used similar to the experiments with the copper electrodes. In the first experiment, platinum
coated silicon wafers were conjugated with mannose and BSA. In this experiment, a
voltage of 7.32 V (3.66 V across each bridge circuit) was provided by a power supply. In
Table 5.3, the voltages and calculated resistances from this experiment are shown. In
Figure 5.9, these voltages and resistances are plotted against E. coli concentration. In this
experiment, it is evident that there is an increase in resistance across the ConA coated
electrodes with increasing concentration of E. coli, while the resistance across the BSA
electrodes remains relatively constant. This is the expected response for ConA; however,
the concentration of E. coli to obtain this change in signal is relatively high.
Table 5.3: Voltages and Resistances of BSA and ConA Coated Platinum Electrodes with
Addition of E. coli
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A)

Voltage for ConA and BSA Coated Probes

3.65

Voltage (V) [V]

3.6
3.55
3.5
3.45
3.4
3.35

0

1

2

3
4
5
6
7
E.coli Bacterial Cells/mL X 10^7
ConA

8

9

10

BSA

Resistance for ConA and BSA Coated Probes

B)
90
80

Resistance (R) [Ω]

70
60
50
40
30
20
10
0

0

0.5

1

1.5

2

2.5

3 3.5 4 4.5 5 5.5 6 6.5
E.coli Bacterial Cells/mL X 10^7
ConA

7

7.5

8

8.5

9

BSA

Figure 5.9: Voltages and Resistances Plotted for ConA and BSA Coated Platinum
Electrodes Tested with E. coli. A) Plot of voltage vs. E. coli bacterial cells per mL x 107,
B) Plot of resistance vs. E. coli bacterial cells per mL x 107.
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For the second experiment, mannose conjugated and BSA conjugated electrodes
were used to detect A. flos-aquae. In this case, the electrodes used were gold coated (1250
Å Au) silicon wafers. Carbodiimide coupling was used to chemically conjugate mannose
and BSA to the surface of the electrodes. 0.20 V was supplied across each bridge circuit
by an Arduino Uno. In this experiment, each voltage reading was taken with a multimeter
5 minutes after each bacteria addition. The voltages and calculated resistances from this
experiment are shown in Table 5.4. The voltages and resistances are plotted against A. flosaquae concentration in Figure 5.10. It is evident that these is an increase in resistance for
both the BSA coated electrodes and mannose coated electrodes with increasing
cyanobacteria concentration.
Table 5.4: Voltages and Resistances of BSA and Mannose Coated Gold
Electrodes with Addition of A. flos-aquae

A. flos-aquae OD 750
0
0.044
0.049
0.047
0.048666667
0.053333333
0.055666667
0.052666667
0.058
0.059333333

Mannose
Voltage Resistance
(V)
(Ω)
0.1986
7.0
0.1986
7.0
0.1987
6.5
0.1986
7.0
0.1987
6.5
0.1987
6.5
0.1985
7.5
0.1988
6.0
0.1972
14.1
0.1952
24.3

Filaments/mL
0
220000
245000
235000
243333.3333
266666.6667
278333.3333
263333.3333
290000
296666.6667
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Voltage
(V)
0.1978
0.1979
0.1979
0.1979
0.1979
0.1979
0.1978
0.1976
0.1963
0.1957

BSA
Resistance
(Ω)
11.1
10.6
10.6
10.6
10.6
10.6
11.1
12.1
18.7
21.7

Figure 5.10: Voltages and Resistances Plotted for Mannose and BSA Coated Gold
Electrodes Tested with A. flos-aquae. A) Plot of voltage vs. A. flos-aquae filaments per
mL, B) Plot of resistance vs. A. flos-aquae filaments per mL.
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In the next experiment, BSA coated and soybean agglutinin coated platinum
silicon wafer electrodes were used. This experiment utilized a large beaker set-up with
power supplied from a power supply, and voltage was measured with a multimeter. The
voltage across each bridge circuit was measured 5 minutes after each bacteria addition. In
this experiment, A. variabilis, which is another type of filamentous cyanobacteria, was
used. In Table 5.5, the resistances calculated from this experiment are shown, and in
Figure 5.11 these resistances are plotted. In this experiment, it is evident that there is no
change in resistance observed for the BSA coated electrodes, while the resistance of the
soybean coated electrodes slightly decreases. It is not expected for soybean agglutinin to
strongly bind to cyanobacteria, since this lectin bind to N-acetyl-D-galactosamine33,
which is not abundantly present in this type of bacteria.
Table 5.5: Resistance of BSA and Soybean Agglutinin Platinum Electrodes with
Addition of A. variabilis

Resistance (R) [Ω]
Total
Amount of
A. variabilis
Added (mL)

BSA

Soybean

0

425.61

428.49

1

425.61

425.61

2

425.61

425.61

5

425.61

422.74

6

425.61

422.74
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Figure 5.11: Resistances Plotted for BSA and Soybean Agglutinin Coated Platinum
Electrodes Tested with A. variabilis

Data Acquisition with DAQ Assistant and Silicon Wafers Coated with E-Beam
Evaporator
For the next set of experiments, an NI DAQ Assistant was used to supply power
and continuously acquire data over the entire experiment time. Beginning from this set of
experiments, silicon wafers coated with gold (10 nm Ti, 40 nm Au) with an E-Beam
Evaporator at Oak Ridge National Laboratory were used. The DAQ assistant was used to
provide 0.20 V across each bridge circuit. In this experiment, the first iteration of the 3D
printed electrode holder was also used. Due to constant fluctuation over time of the voltage
and resistance obtained from the DAQ assistant, the values displayed 10 minutes after the
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addition of bacteria by the DAQ assistant were recorded and plotted. The first experiment
was conducted with A. flos-aquae and BSA conjugated, mannose conjugated, and ConA
conjugated gold electrodes. The voltages and resistances obtained from this experiment are
shown in Table 5.6. These voltages and resistances are plotted versus A. flos-aquae
concentration (filaments/mL) in Figure 5.12. It is evident that there is little change in the
resistance with increasing bacteria concentration between the mannose conjugated and
ConA conjugated electrodes, while the resistance of the BSA conjugated electrodes
suddenly fell. This occurred when the concentration of bacteria in the test solution
quadrupled.
Table 5.6: Voltages and Resistances Measured with DAQ Assistant of BSA, Mannose,
and ConA Coated Gold Electrodes with the Addition of A. flos-aquae
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Figure 5.12: Voltages and Resistances Plotted for Mannose, BSA, and ConA Coated
Gold Electrodes Tested with A. flos-aquae. A) Plot of voltage vs. A. flos-aquae filaments
per mL, B) Plot of resistance vs. A. flos-aquae filaments per mL.
The second experiment was conducted with E. coli. In this experiment, ConA
conjugated, BSA conjugated, and PNA conjugated gold (10 nm Ti, 40 nm Au) coated
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electrodes were used. All of the other parameters were kept the same as the previous
experiment. The voltages and resistances obtained for this experiment are shown in Table
5.7. The values are plotted versus concentration of E. coli in cells/mL in Figure 5.13. It is
evident that there is little pattern in the change in voltage and resistance across the
electrodes with increasing bacteria concentration. Negative outliers for resistance were also
recorded by the DAQ assistant. Overall, it appears that there is no significant change in
voltage across the electrodes with increasing bacteria concentration from this experiment.
Table 5.7: Voltages and Resistances Measured with DAQ Assistant Across BSA, ConA,
and PNA Coated Gold Electrodes with the Addition of E. coli
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0.03

A)

Voltage

Voltage (V) [V]

0.025
0.02
0.015
PNA
ConA
BSA

0.01
0.005

3

0

3.
33

77

33

33

00

00

0
80

00

00

0
32

32

00

00

0
00
00
40

33

13

33

48

00

3.
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00

3

0

0

0

Cells/mL of E. coli

3500

B)

Resistance

Resistance (R) [Ω]

3000
2500
2000
1500

PNA
ConA
BSA

1000
500

3

33

33
3.

33

00
77

80
00
0

00
32
00
0

00
32
00
0

00
40
00
0

3
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33
3.

33

00
13

48
00
0

0

0

Cells/mL of E.coli

Figure 5.13: Voltages and Resistances Plotted for PNA, BSA, and ConA Coated Gold
Electrodes Tested with E. coli. A) Plot of voltage vs. E. coli cells per mL, B) Plot of
resistance vs. E. coli cells per mL.
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E. coli Experiment with Unconjugated ConA and BSA Coated Electrodes
After the problems with signal stability with the DAQ assistant, an Arduino Uno
was used to both power the circuit and measure voltage across each bridge circuit. These
voltage values were further confirmed using multimeters. Additionally, a new 3D printed
electrode holder was used that allowed for a magnetic stir bar to be placed to allow stirring
after each addition of bacteria. Magnetic stirring was used to mix the test solution after
each addition of bacteria. Additionally, for these experiments, voltage was recorded 10
minutes after each addition of bacteria in order to ensure maximum binding of bacteria to
the electrodes. For the first experiment with this set-up, E. coli detection was tested with
gold coated (10 nm Ti, 40 nm Au) silicon wafer electrodes. In this case, the electrodes were
prepared by evaporating the ConA and BSA solutions on the surface of the electrodes,
similar to the copper electrode experiments, as opposed to carbodiimide coupling. In this
experiment, the Arduino supplied 2.5 V across each bridge circuit. The voltages and
resistances measured in this experiment are shown in Table 5.8, and these results are
plotted versus E. coli concentration in Figure 5.14. One problem that was encountered with
this set-up is that at the end of the experiment it appeared that some of the gold coating
came off the electrodes. Thus, it was determined that a voltage of 2.5 V is too high.
However, it can still be observed that the resistance between the ConA coated electrodes
is higher than the BSA coated electrodes. Due to the problem of the gold flaking off, it was
necessary to test E. coli one again with ConA and BSA coated electrodes at a lower voltage.
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Table 5.8: Voltages and Resistances Measured with Arduino Across BSA and ConA
Coated Gold Electrodes with the Addition of E. coli

Amount of E.coli
(mL)

OD 600
Reading

OD 600 Reading (0 mL
subtracted)

Cells/mL

BSA
Resistance
(Ohms)
Voltage (V)

ConA
Resistance
(Ohms)
Voltage (V)

0

0.043

0

0

0.62

1205.128205

2.5

0

1

0.045333333

0.002333333

1866666.67

0.51

1322.259136

2.49

4.008016032

2

0.049

0.006

4800000

0.95

898.5507246

2.5

0

0.010333333

8266666.67

0.93

915.451895

0.19

1717.472119

3

0.053333333

4

0.063

0.02

16000000

1.32

617.8010471

0.47

1367.003367

5

0.065333333

0.022333333

17866666.7

1.68

392.3444976

0.1

1846.153846

6

0.067666667

0.024666667

19733333.3

1.79

331.002331

0.01

1984.063745

7

0.070333333

0.027333333

21866666.7

1.89

277.904328

0.4

1448.275862

8

0.075666667

0.032666667

26133333.3

1.91

267.5736961

0.13

1802.281369

9

0.077333333

0.034333333

27466666.7

1.95

247.1910112

0.4

1448.275862

10

0.079

0.036

28800000

1.99

227.1714922

0.39

1460.207612

11

0.084666667

0.041666667

33333333.3

2.08

183.4061135

0.37

1484.320557
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Figure 5.14: Voltages and Resistances Plotted for BSA and ConA Coated Gold
Electrodes Tested with E. coli. A) Plot of voltage vs. E. coli cells per mL, B) Plot of
resistance vs. E. coli cells per mL.

E. coli Experiment with Conjugated ConA and BSA Electrodes
In the subsequent experiment, a lower voltage of 0.25 V to each bridge circuit was
supplied by the Arduino through a voltage divider described in Chapter 4. Additionally, in
this experiment, the gold coated (Ti 10 nm, Au 40 nm) silicon wafer electrodes were
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conjugated with ConA and BSA through carbodiimide coupling in order to observe any
differences between this experiment and the previous experiment. This experiment was
conducted with the 3D printed electrode holder, and magnetic stirring was used to mix the
test solution after each addition of bacteria. In this experiment, voltages were also recorded
10 minutes after each addition of bacteria. The voltages and resistances measured in this
experiment are shown in Table 5.9, and these values are plotted versus E. coli
concentration in Figure 5.15. In this experiment, it was observed that the voltages across
the BSA and ConA electrodes trended together. A slightly higher resistance was observed
for the BSA conjugated electrodes. This may be due to the very high bacteria concentration
used, resulting in all electrodes becoming coated in E. coli.

Table 5.9: Voltages and Resistances Measured with Arduino Across BSA and ConA
Conjugated Gold Electrodes with the Addition of E. coli
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A)

0.25

Voltage

0.245

Voltage (V)

0.24
0.235

BSA

0.23

ConA

0.225
0.22
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0

10000000
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Resistance (Ω)
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Figure 5.15: Voltages and Resistances Plotted for BSA and ConA Carbodiimide
Conjugated Gold Electrodes Tested with E. coli. A) Plot of voltage vs. E. coli cells per
mL, B) Plot of resistance vs. E. coli cells per mL.

S. aureus Test with BSA and ConA Conjugated Gold Electrodes
In the next experiment, the detection of S. aureus was assessed with BSA and ConA
conjugated gold (Ti 10 nm, Au 40 nm) coated silicon wafer electrodes. In this experiment,
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ConA and BSA were conjugated to the electrodes through carbodiimide coupling, and 0.25
V was supplied to each bridge circuit by an Arduino Uno. In this experiment, the voltage
was read using a multimeter 10 minutes after each addition of bacteria. This experiment
was conducted with the 3D printed electrode holder, and magnetic stirring was used to mix
the test solution after each addition of bacteria. The voltages and resistances measured in
this experiment are shown in Table 5.10, and these values are plotted versus the OD650
reading of the S. aureus in Figure 5.16. Increasing OD650 values indicate increasing S.
aureus concentration. In this experiment, the resistance between the BSA electrodes was
found to be higher than the ConA coated electrodes. However, the resistance between the
BSA electrodes remained relatively constant with increasing bacteria concentration. There
was bump observed in resistance for the ConA coated electrodes, which again leveled out.
This may have occurred due to saturation of the test solution with bacteria.
Table 5.10: Voltages and Resistances Measured with Multimeter Across BSA and ConA
Conjugated Gold Electrodes with the Addition of S. aureus
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Figure 5.16: Voltages and Resistances Plotted for BSA and ConA Carbodiimide
Conjugated Gold Electrodes Tested with S. aureus. A) Plot of voltage vs. S. aureus
OD650, B) Plot of resistance vs. S. aureus OD650.

A. flos-aquae with BSA and Mannose Conjugated Electrodes
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In this experiment, BSA and mannose conjugated gold coated (Ti 10 nm, Au 40
nm) silicon wafers were used to detect A. flos-aquae. Carbodiimide coupling was used to
conjugate the mannose and BSA to the electrodes. 0.25 V was supplied to each bridge
circuit with an Arduino Uno. In this experiment, the voltage was read using the Arduino
Uno 10 minutes after each addition of bacteria. This experiment was conducted with the
3D printed electrode holder, and magnetic stirring was used to mix the test solution after
each addition of bacteria. The voltages and resistances measured in this experiment are
shown in Table 5.11, and these values are plotted versus the total amount of A. flosaquae added in µL in Figure 5.17. This value was used as opposed to filaments/mL due
to non-linear values that were obtained for measurement. This was due to non-linear
fluctuation of the OD750 value with increasing addition of cyanobacteria. It is evident that
there is no pattern in the voltages and resistances measured with increasing bacteria
concentration. It was found that the resistance between the electrodes fluctuated up and
down with each addition of bacteria.

Table 5.11: Voltages and Resistances Measured with Arduino Across BSA and Mannose
Conjugated Gold Electrodes with the Addition of A. flos-aquae
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BSA

Mannose

Amount of A.flos aquae (µL)

OD 750 Reading

Filaments/mL

Voltage (V)

Resistance (Ω)

Voltage (V)

Resistance (Ω)

0 (no PBS)

N/A

N/A

0.2395

42.90091931

0.2346

63.55757326

0

0.101333333

506666.6667

0.2395

42.90091931

0.2297

84.63623098

100

0.087666667

438333.3333

0.2248

106.1499579

0.2346

63.55757326

200

0.09

450000

0.2248

106.1499579

0.2395

42.90091931

300

0.094

470000

0.2346

63.55757326

0.2297

84.63623098

400

0.097333333

486666.6667

0.2395

42.90091931

0.2395

42.90091931

500

0.103666667

518333.3333

0.2395

42.90091931

0.2346

63.55757326

600

0.102333333

511666.6667

0.2346

63.55757326

0.2444

22.65372168

800

0.102666667

513333.3333

0.2297

84.63623098

0.2395

42.90091931

900

0.103666667

518333.3333

0.2395

42.90091931

0.2346

63.55757326

1000

0.103

515000

0.2297

84.63623098

0.2297

84.63623098

Figure 5.17: Voltages and Resistances Plotted for BSA and Mannose Carbodiimide
Conjugated Gold Electrodes Tested with A. flos-aquae. A) Plot of voltage vs. µL A. flosaquae added, B) Plot of resistance vs. µL A. flos-aquae added.
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Low Volume E. coli Test with ConA and BSA Conjugated Gold Electrodes and Low
In this experiment, E. coli detection was assessed with BSA and ConA conjugated
gold coated (10 nm Ti, 40 nm Au) silicon wafer electrodes. Low volumes of a concentrated
E. coli solution were added in this experiment in order to prevent the electrodes from
becoming overwhelmed with bacteria. Similar to the previous experiment, 0.25 V was
supplied to each bridge circuit by an Arduino Uno. In this experiment, multimeters were
used to measure the voltage across each bridge circuit 10 minutes after each bacteria
addition. This experiment was conducted with the 3D printed electrode holder, and
magnetic stirring was used to mix the test solution after each addition of bacteria. The
voltages and resistances measured in this experiment are shown in Table 5.12, and these
values are plotted versus the total amount of E. coli added in µL in Figure 5.18. In this
experiment, it is evident that resistance is higher between the BSA electrodes compared to
the ConA electrodes. However, the resistance across both sets of electrodes becomes
relatively constant after 200 µL of the concentrated E. coli solution are added. This may
have occurred due to the electrodes becoming overwhelmed with E. coli, despite the low
volumes added.
Table 5.12: Voltages and Resistances Measured with Arduino Across BSA and ConA
Conjugated Gold Electrodes with the Addition of Low Volumes of E. coli
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BSA
Resistance
(Ohms)
Cells/mL Voltage (V)

ConA
Resistance
(Ohms)
Voltage (V)

Amount of E.coli
(mL)

OD 600
Reading

OD 600 Reading (0 mL
subtracted)

0

0.049

0

0

0.23

83.33333333

0.22

127.6595745

0.001333333

1066667

0.23

83.33333333

0.24

40.81632653

1

0.050333333

2

0.053666667

0.004666667

3733333

0.2305

81.16545265

0.24278

29.3031373

3

0.054333333

0.005333333

4266667

0.227

96.4360587

0.24246

30.62177639

4

0.056

0.007

5600000

0.23045

81.38203767

0.24177

33.47093153

5

0.06

0.011

8800000

0.24144

34.83639915

0.24235

31.07545445

6

0.062666667

0.013666667

1.1E+07

0.24075

37.69740194

0.2425

30.45685279

7

0.065

0.016

1.3E+07

0.2425

30.45685279

0.24532

18.89687475

8

0.067333333

0.018333333

1.5E+07

0.24094

36.90878722

0.24284

29.05608311

9

0.069

0.02

1.6E+07

0.24099

36.70135848

0.24295

28.60330662

10

0.071

0.022

1.8E+07

0.24122

35.74773014

0.24307

28.10959904

11

0.071666667

0.022666667

1.8E+07

0.2409

37.07476064

0.2437

25.5215718

12

0.085333333

0.036333333

2.9E+07

0.2404

39.15171289

0.24427

23.18570822

Voltage

A)

0.265

Voltage (V)

0.26
0.255
0.25
BSA
ConA

0.245
0.24
0.235
0.23
0

200
400
600
800
Total Amount of E.coli Added (µL)
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B)

120

1000

Resistance (Ω)

100
80
60

BSA
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40
20
0
0
-20
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400

600

Amount of E.coli Added (µL)
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Figure 5.18: Voltages and Resistances Plotted for BSA and ConA Carbodiimide
Conjugated Gold Electrodes Tested with Low Volumes of E. coli. A) Plot of voltage vs.
µL E. coli added, B) Plot of resistance vs. µL E. coli added.

Imaging of Lectin Coated Electrodes with Olympus LEXT Laser Measuring Microscope
Due to the difficulties experienced with obtaining stable measurements using the
resistance-based sensor, bacteria binding to lectin conjugated electrodes was evaluated
using microscopy. For this experiment, gold coated (10 nm Ti, 40 nm Au) silicon wafers
were used. These wafers were conjugated with BSA, ConA, WGA, PNA, and mannose
through carbodiimide coupling as previously described. After conjugation, these electrodes
were dipped in solutions containing either A. flos-aquae or E. coli for 5 minutes. After 5
minutes, the electrodes were rinsed and transported for imaging with the Olympus LEXT
Laser Measuring Microscope. The images obtained for A. flos-aquae are shown in Figure
5.19, and the images obtained for E. coli are shown in Figure 5.20. All of the images were
taken at 10X magnification. Three images were taken of each electrode. From the
cyanobacteria images, it is evident that the wafers with the most bound bacteria are the
BSA, ConA, and mannose conjugated ones. There is less bacteria present on PNA and
WGA conjugated electrodes. For the E. coli images, it is more difficult to see the bacteria
as they are not colored like cyanobacteria and are smaller in size. However, there appears
to be some bacteria on each wafer, except the wafer that was not treated with any bacteria.
For E. coli, the BSA and WGA coated electrodes were burned by the laser on the
microscope. This may have occurred due to the wafers being wet during imaging.
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No Bacteria

Mannose

BSA

PNA

ConA

WGA

Figure 5.19: 10X Images of A. flos-aquae Binding to Conjugated Gold Electrodes
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No Bacteria

Mannose

BSA

PNA

ConA

WGA

Figure 5.20: 10X Images of E. coli Binding to Conjugated Gold Electrodes

5.4 Discussion
The overall results obtained were mixed due to high variability in the resistance
measurements between experiments; however, there are some promising results for further
development of a lectin-based biosensor for pathogen detection. For water testing
applications, high specificity is not necessary, as after indication of pathogen
contamination is obtained, necessary actions can be taken to treat the water. There were
some promising results obtained for detecting cyanobacteria with mannose coated
electrodes, and imaging indicated that cyanobacteria does bind to other lectin-coated
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electrodes. However, these results were not obtained consistently; thus, it is necessary to
improve the overall design of the sensor for future testing. Basing detection on resistance
is problematic, as this necessitates keeping the electrodes very close together without
touching. Thus, in the future, other methods of indicating pathogens binding to lectins on
electrode surfaces may be used.
In Table 5.1 and Figure 5.6, the results from the first test with cyanobacteria and
copper electrodes is shown. In this experiment, it was evident that the copper electrodes
badly corroded at a voltage of 5 V. Thus, future experiments focused on finding better
materials and utilizing lower voltages to prevent damage to the electrodes during testing.
Table 5.2 and Figure 5.2 show the results of testing the copper electrodes at a lower
voltage. In this experiment, it is evident the voltage across the bridge circuits dropped upon
the addition of cyanobacteria, indicating that some bacteria may have bound to both sets
of electrodes. From this point, there is not a clear pattern, but it appears that the resistance
between the BSA and WGA coated electrodes are changing in the same way. It was
expected that the cyanobacteria would bind selectively to the WGA coated electrodes due
N-acetyl glucosamine found on the surface of cyanobacteria21. This may be due to a lack
of conjugation of the proteins to the electrodes, resulting in the coating immediately
dissipating upon submersion in the PBS. Thus, carbodiimide coupling was used for
subsequent testing to ensure that the proteins remain bound to the electrodes during testing.
In this experiment, chemically conjugated electrodes were used to detect E. coli.
ConA conjugated and BSA conjugated electrodes were used, and the results are shown in
Table 5.3 and Figure 5.9. It is evident that resistance across the BSA coated electrodes
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remained constant, while the resistance between the ConA coated electrodes increased with
increasing bacteria concentration before plateauing at 7.5 x 107 cells/mL of E. coli. This
plateau is likely due to an oversaturation of the test solution with E. coli. Clinically relevant
levels of E. coli are much lower; the range for catheter-associated UTI is 100-1000
cells/mL34. However, the main goal of this project was to evaluate lectin arrays for the
identification of cyanobacteria, since this approach has not been extensively used for this
type of bacteria. Testing with E. coli was done to evaluate modifications to the sensor
design and experimental protocol, since the lab group has previously successfully detected
E. coli using a lectin-based sensor. It is known that E. coli binds strongly to ConA13.
In Table 5.4 and Figure 5.10, the results of testing with mannose and BSA
conjugated gold electrodes is shown. It is evident that resistance suddenly increased
towards the end of the experiment. This sudden increase may have occurred due to shifting
of the electrodes or imperceptible flaking of the gold coating. Overall, the resistance
between the mannose conjugated electrodes and BSA conjugated electrodes changed in the
same way. In Table 5.5 and Figure 5.11, the results of a similar test are shown with BSA
and soybean agglutinin coated platinum wafers. There was little change observed in
resistance between the soybean agglutinin electrodes; thus, this lectin was not used for any
further experiments.
In subsequent tests performed that relied on a DAQ assistant for data acquisition,
the signal obtained fluctuated a great deal with time. Thus, it was difficult to make any
conclusions from these experiments. The results of these experiments are shown in Table
5.6, Figure 5.12, Table 5.7, and Figure 5.13. Due to difficulties with obtaining consistent
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results with the DAQ assistant, future experiments relied on an Arduino Uno for data
collection and voltage supply. Negative resistances were also recorded by the DAQ
assistant, and this may have been due to shorting of the circuit due to high voltages.
A promising result for the detection of E. coli was obtained with ConA and BSA
electrodes that were not chemical conjugated, which is shown in Table 5.8 and Figure
5.14. A trend is evident in the resistance increasing between the ConA conjugated
electrodes. However, removal of the gold coating on the silicon wafers used as electrodes
was observed after testing for the BSA coated electrodes. This likely caused the drop in
voltage observed for the BSA electrodes. Thus, this experiment with ConA and BSA coated
electrodes was repeated at a lower voltage, and these results are shown in Table 5.9 and
Figure 5.15. In this case, a drop in resistance between both sets of electrodes was observed
after the addition of the bacteria. In this experiment, it was again observed that the
resistance between the BSA electrodes and ConA electrodes changed in the same way. This
may be due to the large amount of bacteria present in the test solution. Bacteria have been
used in microbial fuel cells where over time they lead to an increase in voltage due to the
growth of exoelectrogenic biomass35,36.
In the next experiment, S. aureus was tested with ConA and BSA gold electrodes.
In this experiment, S. aureus was added in smaller increments in order to avoid voltage
increase effect. The results of this experiment are shown in Table 5.10 and Figure 5.16. S.
aureus was evaluated, as this type of bacteria is gram-positive37. Gram-positive bacteria
have thicker cell walls than gram-negative bacteria like E. coli38. Thus, S. aureus was
evaluated to determine if our lectin-based sensor can be used to detect gram-positive
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bacteria. It is expected that greater S. aureus binding will be observed on the ConA
conjugated electrodes14. In this experiment, the resistance between the BSA electrodes
stayed relatively constant, while there was a slight increase observed in the resistance
between the ConA electrodes. However, the difference between the two sets of electrodes
is not large. This may be due to the low voltage used to prevent flaking of the metal coating.
The voltage used (0.25 V) is too low to be able to observe a significant difference between
the two sets of electrodes. Thus, for future experiments, the signal may need to be
amplified.
The next test was conducted for the detection A. flos-aquae with BSA and mannose
conjugated electrodes. The results of this experiment are shown in Table 5.11 and Figure
5.17. From this test, it is evident that both the resistance between the BSA electrodes and
the mannose electrodes were fluctuating with time. After each addition of bacteria, 10
minutes were allowed to pass before recording a voltage value in order to allow the signal
to become stable. However, this long testing time may result in bacteria sticking to
electrodes and then becoming detached. When the bacteria become detached, they may
pull the coating off of the electrode as they become bound to the coating. The magnetic
stirring used to ensure the bacteria is not sitting at the bottom of the test container may also
be interfering with bacteria binding to the electrodes. E. coli was also tested once again
using ConA conjugated and BSA conjugated electrodes, and the results of this test are
shown in Table 5.12 and Figure 5.18. In this experiment, smaller amounts of E. coli were
added to the test solution. It was observed that resistance between both sets of electrodes
remained relatively constant except at the beginning of the experiment. This may be due to
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the smaller amount of bacteria added and the low voltage used, resulting in no observable
changes.
Due to the variety of issues observed with the resistance-based sensor and the lack
of clear-cut results, the conjugated electrodes were tested with A. flos-aquae and E. coli
and subsequently imaged. The images for A. flos-aquae are shown in Figure 5.19, and the
images for E. coli are shown in Figure 5.20. From this, it was determined that both E. coli
and A. flos-aquae were binding to the electrodes. It was observed that less cyanobacteria
bound to the PNA coated electrode, which was an expected result based on low amount of
galactose on the surface of cyanobacteria21. It was evident that E. coli was present on the
surface of the conjugated electrodes; however, this result is more difficult to compare due
to the lack of staining of the E. coli. If this experiment is repeated in the future, the E. coli
should be stained before testing for better visualization. However, in any case, it can be
concluded that some amount of each type of bacteria is becoming immobilized on the
surface of conjugated electrodes. One interesting observation is that a large amount of
cyanobacteria was present on the BSA coated electrode. Cyanobacteria possess lectins and
other binding proteins on their surface39. Thus, it is possible that the cyanobacteria are
binding the albumin of the surface of the electrodes, and this may not be an ideal control.
Additionally, there may be free intermediates present on the surface of the electrodes from
the EDC carbodiimide reaction, which may be causing the bacteria to bind to any electrode
surface without specificity.
Thus, it is evident that the results obtained with the resistance-based sensor were
not ideal. There are several possible explanations for this, such as large amounts of bacteria
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causing increased voltage, non-specific bacteria binding to the electrodes, and the low
voltage used for many experiments resulting in indiscernible changes. Additionally,
changes in resistance can be caused by pH changes and electrophoresis. When a current is
added into the PBS solution, this can add electrons in the solution, resulting in hydrogen
ions becoming uncharged. This decrease in hydrogen ion concentration leads to an increase
in pH. Additionally, an electric field is created when a current is applied, causing
electrophoresis to occur, which is when negatively charged DNA moves toward the
cathode40. Resistance-based sensors are also sensitive to fluid flow; thus, the large volume
of test solution and magnetic stirring may have led to fluctuations in resistance between
the electrodes. A similar lectin-based biosensor relied on impedance measurements rather
than resistance41. This will take any capacitive effect between the electrodes into account.
Additionally, lectin-based electrodes have been used in optical biosensors with success10.
Our group is investigating an optical fiber-based biosensor that uses lectins conjugated to
the surface of plastic, U-bent fibers to detect bacteria. This system relies on evanescent
wave sensing. In Chapter 6 of this thesis, preliminary results of testing with the optical
fiber sensor will be presented.

5.5 Conclusion
In conclusion, the lectin-based biosensor that relies on resistance changes between
electrodes to detect bacteria found limited success in the experiments discussed. However,
there were some promising results observed for E. coli binding selectively to ConA coated
electrodes. Additionally, through imaging cyanobacteria was observed to bind to ConA
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and mannose coated electrodes. Thus, there is merit in further exploring lectin binding for
the detection of bacteria like cyanobacteria. This type of rapid biosensor that can be used
for a wide variety of pathogens is particularly useful for water testing, since high specificity
is not required for this application. It is evident that bacteria bind to lectin-coated
electrodes, and there is room to conduct further tests on the ideal sensing method for the
detection of difficult to detect bacteria like cyanobacteria.
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CHAPTER SIX
CONCLUSIONS AND FUTURE WORK
This chapter details the conclusions of the study conducted on the various
iterations of the lectin-based biosensor for pathogen detection, Microsense that have been
discussed in this thesis. Additionally, future directions for developing a lectin-based
sensor for pathogen detection are discussed.

6.1 Summary of Findings
Overall, our group found that lectin coated electrodes bind to bacteria, which can
be used to design a biosensor for pathogen detection. In some trials, it was evident that E.
coli selectively bound to ConA coated electrodes, as evidenced by increasing resistance
between the ConA coated electrodes with increasing bacteria concentration. However, the
results obtained were not consistent. This can mainly be attributed to flaws with the sensor
design and data acquisition methods. Due to the low voltage used for most experiments,
the signal obtained was not large enough to differentiate between the different sets of
electrodes. Additionally, resistance-based sensors are sensitive to fluid flow, leading to
signal fluctuations due to the large test volume and magnetic stirring. Imaging confirmed
that both E. coli and cyanobacteria bind to lectin coated electrodes within 5 minutes of
contact. This rapid binding can be used to design a more accurate biosensor for pathogen
detection in the future. Thus, while resistive-based sensors may not work for large inline
water testing applications due to issues with sensitivity to fluid flow; this type of sensor
may be more effective for clinical applications with smaller volumes.
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6.2 Challenges with Bacteria Detection
Throughout the course of this study, there were various challenges with the sensor
design. One challenge was the corrosion and peeling of the metal thin films on the
electrodes used. The problem of corrosion was encountered with the copper electrodes
initially used. A high voltage (5 V) supplied across the copper electrodes caused corrosion
of the metal with the formation of the blue-green patina characteristic of copper corrosion1.
For silicon wafers, it was observed that the metal thin films began to peel at higher voltages
(2.5 V and 5 V). Poor adhesion of the thin films can result in flaking and peeling, and poor
adhesion can occur due to excessive coating thickness, inadequate removal of the oxide
layer on the surface of the metal, and contamination2,3. At high voltage, the metal thin films
are electrophoresed from the silicon wafers due to the electric field that is formed and the
presence of PBS. In order to prevent metal corrosion and peeling, lower voltages of 0.20
V and 0.25 V were used for experiments. However, this resulted in very small observable
changes in voltage across the Wheatstone bridge circuits. In many cases, differences
between the sets of electrodes were indiscernible. In the future, an amplifier may be needed
in order to observe changes in the resistance between each set of electrodes.
Another problem that was encountered with the metal coated silicon wafers is that
the wafers possess a resistance from end to end. Figure 6.1 shows the resistance from end
to end (4 cm) of silicon wafers with different coatings. It is evident that the silicon wafers
possess significant resistance, and resistance increases with thinner coatings of gold, likely
due to poor continuity of the gold thin film. For the majority of testing, silicon wafers that
were 7.5 cm in length were used. Thus, the resistance for the wafers actually used for
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testing is almost double what is shown in Figure 6.1. The majority of tests were conducted
with the 100 Å Ti and 400 Å Au coated wafers. There was no significant difference between
the resistances for the ConA coated electrodes and BSA electrodes. This inherent resistance
between the ends of the electrodes may have masked the change in resistance between the
electrodes, since the electrodes are connected to the Wheatstone bridge circuit at the top
portion of the wafer that is not submerged in PBS. This problem was not encountered
previously by the lab group, since the copper electrodes possessed low resistance from end
to end. When this problem was identified, a test was conducted with shorter electrodes to
minimize the resistance. However, with this set-up, no change in resistance was observed
with the addition of bacteria. This is in line with the problem previously encountered by
the group with miniaturization of the sensor. A larger surface area and volume of test
solution is required to observe changes in resistance with the way the resistance-based
sensor is currently set up. Thus, in the future, other electrode materials should be
investigated with lower resistance values.
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Figure 6.1: Resistance from End to End (4 cm) of Silicon Wafers with Different
Coatings
Another problem encountered with pathogen detection is that in many cases the
bacteria was observed to fall to the bottom of the test container. Thus, the bacteria was not
in contact with the electrodes. In order to solve this problem, a 3D printed electrode holder
was designed that allowed for magnetic stirring. However, the magnetic stirring after each
addition of bacteria may have caused displacement of the bacteria already attached to the
electrodes. Thus, in the future, this problem of ensuring evenly distributed bacteria
throughout the test solution should be taken into consideration. Additionally, the
cyanobacteria used for testing were of the filamentous variety, which grow as filaments
that can be several hundred cells long. Thus, these cells preferentially bind to each other,
as filament growth requires both heterocysts that work to fix nitrogen and vegetative cells
that are responsible for fixing carbon dioxide. This may be preventing the cyanobacteria
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from binding to the electrodes4. Filamentous bacteria also form heterocysts during nitrogen
starvation in which additional cell walls are formed that provide a hydrophobic barrier4.
This effect may also be preventing the cyanobacteria from binding to the electrodes; thus,
in the future, work should be done to further characterize the type of cyanobacteria used
for testing.

6.3 Future Work
Due to the problems encountered with the resistance based sensor, an optical
biosensor with lectin coated U-bent fibers was tested for pathogen detection. For future
work, it is proposed to continue work on this optical lectin-based biosensor, as initial
testing has shown more consistent results compared to the resistive sensor. For initial
testing, plastic and glass U-bent optical fibers were conjugated with lectins and dipped in
test solutions containing E. coli and A. flos-aquae. This optical fiber sensor is based on the
measurement of the refractive index of the test solution, which changes due to total
reflection caused by evanescent wave interactions of light that occur between the test
solution and optical fiber. Conjugation of the optical fibers with lectins and other proteins
leads to changes in the refractive index that can be measured to detect pathogens with
specificity5. Glass and plastic electrodes were treated with oxygen plasma in order to clean
the surfaces and to enhance adhesion with the addition of free radical groups6.
Subsequently, the glass samples were aminosylated to activate the glass surface7. Both the
glass and plastic fibers were then conjugated the lectins through carbodiimide coupling as
previously described. The fibers (n=3 for each group) were tested by exposing them to
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either E. coli (7.06 x 108 cells/mL) or A. flos-aquae (2.94 x 106 filaments/mL) for one
minute.
In order to confirm the effectiveness of chemical conjugation of lectins, fluorescent
ConA 594 was conjugated to glass microscope slides using carbodiimide coupling and
compared to a glass slide that was only treated with oxygen plasma. ConA was pipetted
onto the oxygen plasma slide and rinsed after 2 hours. From Figure 6.2, it is evident that
more fluorescent ConA is present on the conjugated slide with carbodiimide coupling.
After confirming that carbodiimide coupling is effective for increasing lectin binding, the
binding of albumin and ConA to the U-bent fibers was assessed. Album 594 and ConA 594
were conjugated to the glass and plastic U-bent fibers with carbodiimide coupling. The
fluorescent images for the glass U-bent fibers are shown in Figure 6.3, and the images for
the plastic U-bent fibers are shown in Figure 6.4. It is evident that both albumin and ConA
were successfully conjugated to the fibers.
Conjugated ConA

Unconjugated ConA

Figure 6.2: Comparison of Conjugated Fluorescent ConA and Unconjugated Fluorescent
ConA Coated Glass Slides. Images were taken at 2X magnification, and red fluorescence
represents ConA.
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Figure 6.3: Albumin 594 and ConA 594 Conjugated Glass U-Bent Fibers. Images were
taken at 2X magnification. A) Albumin coating of fiber apex, B) Albumin coating
showing end of chemistry, C) ConA coating of fiber apex, D) ConA coating showing end
of chemistry.
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Albumin 594

A)

B)

ConA 594

C)

D)

Figure 6.4: Albumin 594 and ConA 594 Conjugated Plastic U-Bent Fibers. Images were
taken at 2X magnification. A) Albumin coating of fiber apex, B) Albumin coating
showing end of chemistry, C) ConA coating of fiber apex, D) ConA coating showing end
of chemistry.
Since both the plastic and glass fibers were successful conjugated with ConA and
albumin, the plastic fibers were used for testing with bacteria. The plastic fibers are easier
to work with and more affordable to produce. The results obtained for E. coli are shown in
Figure 6.5. The results are shown for each group tested with the signal obtained for each
one reported as a voltage change. A higher voltage change indicates increased pathogen
binding. It is evident that there are statistically significant differences (using Student’s ttest with α=0.05) between several of the groups, and this can be used to identify the
presence of E. coli. Additionally, the signal obtained from the sensor remained stable
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during the entire time of submersion in the test solution. Furthermore, significant
differences were observed between several groups for cyanobacteria as well. Thus, this
optical fiber based sensor with lectin conjugated plastic fibers is promising for pathogen
detection. Additionally, this sensor is easy to use, affordable, and provides rapid detection.
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Figure 6.5: Plastic U-Bent Fibers Testing with E. coli. Significant differences are
indicated by *.
Therefore, it is proposed that future work focus on testing and improving this
optical fiber based sensor. Similar to the resistive sensor, this sensor relies on lectins and
carbodiimide chemistry to bind to pathogens; however, the optical detection method is
more robust and consistent. In the future, additional modifications should be made, such as
identifying appropriate control fibers for comparison, since it appears that bacteria binds
to the albumin coated fibers. Additionally, further work should be done to determine if
there is any way to differentiate between harmful E. coli, such as strain O157:H7, and
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harmless E. coli, such as strain K-12, which was used for our testing. The lectin ConA was
extensively used throughout this study. However, this lectin binds to many different types
of pathogens8,9, as this protein binds to glucose and mannose groups10, which are present
on the surface of many bacteria. Thus, in the future, other lectin and pathogen combinations
should be explored to determine the ideal lectin arrays for definitively identifying a
particular microbial contaminant. Testing with a wide variety of lectins will allow the
research group to identify a pathogen in an unknown sample with high specificity. Finally,
for cyanobacteria, there is particular interest in the detection of endotoxins originating from
cyanobacteria, since these toxins are increasingly becoming a water management and
public health concern11. Three major cyanotoxins that are routinely monitored are:
microcystin, saxitoxin, and cylindrospermopsin12. Currently, these toxins are monitored
using complex and costly methods, such ELISA and LC/MS12. Thus, in the future,
experiments should be conducted to determine if our lectin-based sensor could be used to
specifically detect the levels of endotoxins. Additionally, testing with types of
cyanobacteria that release endotoxins, such Microcystis aeruginosa11, should be
performed. Thus, based on the promising results obtained with the optical fiber sensor,
there are several different future directions for this lectin-based sensor project.
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Appendix A
Lectin EDC/Sulfo-NHS Conjugation to Gold/Platinum Coated Silicon Wafers Protocol
1. Clean gold/platinum coated silicon wafers with 70% ethanol.
2. Dissolve 3-amino-1-propanethiol hydrochloride in 100% ethanol for a final
concentration of 5 mM.
a. 0.006382 grams of 3-amino-1-propanethiol hydrochloride in 10 mL of
100% ethanol.
b. For 5 mM solution of 11-amino-1-undecanethiol hydrochloride, add
0.01196 grams to 10 mL of 100% ethanol.
c. For 5 mM solution of 11-mercaptoundecanoic acid, add 0.01092 grams in
10 mL of 100% ethanol.
3. Keep 3-amino-1-propanethiol hydrochloride solution on gold/platinum coated
silicon wafers for 10 minutes and then rinse gently with 100% ethanol.
4. Add lectin/protein/sugar of choice to phosphate buffered saline (PBS) at a
concentration of 1-10 mg/mL.
a. For 10 mg/mL concentration of protein, add 0.05 grams of protein in 5 mL
of PBS.
5. Add bovine serum albumin (BSA) to separate tube of PBS at the same
concentration as the above protein of choice (1-10 mg/mL) to serve as a control
a. For 10 mg/mL concentration of BSA, add 0.05 grams of BSA in 5 mL of
PBS.
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6. Add EDC (0.05 M) and sulfo-NHS (5 mM) to each 5 mL solution of protein
dissolved in PBS
a. For 5 mL solution, add 0.04793 grams of EDC.
b. For 5 mL solution, add 0.01639 grams of sulfo-NHS.
c. To make 10X stock solution of EDC-sulfo-NHS, add 0.4793 grams of EDC
and 0.1629 grams of sulfo-NHS to 5 mL of PBS. Add 0.5 mL of 10X EDCsulfo-NHS stock solution to 5 mL PBS solution containing protein (made
in steps 3 and 4).
7. Add the solution containing the protein you wish to bind to the surface of the
gold/platinum wafer and EDC-sulfo-NHS to the surface of the gold wafer.
8. Allow the reaction to occur at room temperature for 2 hours.
9. After two hours, store the gold wafers in PBS at 4°C for later use.
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Appendix B
Media Preparation and Bacteria Culturing
To make Tryptic Soy Broth (TSB) and Inoculate with Bacteria:
1. Add 3g of TSB powder per 100 mL of DI water (3% TSB).
2. After mixing with stir bar on hot plate, autoclave to sterilize.
3. After removing from autoclave, wait 5-10 minutes for broth to cool.
4. Use inoculating loop to pick up bacteria and rapidly swirl inoculating loop with
bacteria in TSB.

To make Tryptic Soy Agar (TSA) Plates and Streak with Bacteria:
Composition of each plate should be 3% TSB and 1.5% agar. Each plate uses 30 mL of
TSA total, and this recipe is for one TSA plate.
1. Add stir bar to Erlenmeyer flask.
2. Add 30 mL of DI water, 0.9 g of TSB powder, and 0.45 g of agar to Erlenmeyer
flask.
3. Cover flask with aluminum foil and place autoclave tape on sides.
4. Heat to dissolve agar and TSB on hot plate while stirring.
5. Autoclave.
6. Pour agar into petri dishes under sterile hood. The agar should be about where
the lip of the lid is when closed (approximately 30 mL per petri dish).
7. Allow the plates to sit open in the hood to dry for no more than 5 minutes.
8. Close the plates and leave out on counter at room temperature for 24 hours.
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9. Invert the TSA plates and place in the fridge at 4 °C until ready to inoculate.
Plates can be stored for up to one month.
10. Bacteria should be streaked under sterile conditions in a sterile hood.
11. Using a sterile inoculating loop, touch bacteria to be cultured.
12. Spread the bacteria over a section of the TSA plate, shown in Figure B.1.
13. Using a fresh inoculating loop, drag through first streak to create second streak
on second portion of the TSA plate.
14. Using another fresh inoculating loop, drag the loop through the second streak
to produce a third streak on a third portion of the TSA plate.
15. Using a fourth and last inoculating loop, drag the loop through the third streak
to create a fourth streak in the last quadrant of the place. This is where isolated
colonies of bacteria will form.
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Figure B.1: Streaking Pattern for E. coli on TSA Plate
To make BG-11 Agar Slants:
The composition of each slant is 1.5% agar to BG-11. Approximately 10 mL of BG-11
agar is placed in each slant
1. Add 10 mL of BG-11 and 0.15 g of agar in glass tube for slant.
2. Heat on hot plate to melt agar.
3. Place foil over top of glass tube and autoclave tape.
4. Autoclave.
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5. After autoclaving, place glass tubes in slanted position in order to produce
slants.
6. Leave slants at room temperature for 24 hours.
7. Place in the fridge at 4 °C until ready to inoculate. Slants can be stored for up
to one month.
8. Inoculate slant using inoculating loop.
9. Place bacteria on inoculating loop and streak on slant in a zigzag pattern.
10. A. variabilis grows at room temperature with 12 hours of light and 12 hours of
darkness.
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